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PREFACE  TO  THE   SECOND  EDITION. 


In  the  second  edition  I  have  endeavored  to  utilize  such 
constructive  criticisms  of  the  first  edition  as  came  to  my  atten- 
tion. Five  plates  are  used  to  illustrate  engine  details  and  each 
part  is  named  on  the  plate  itself.  The  first  chapter  now  includes 
a  number  of  calculations  of  a  general  character  which  were  intro- 
duced to  give  the  student  a  better  view  of  the  entire  subject. 
The  boiler,  the  engine,  and  the  condenser  are  brought  together 
so  that  the  functions  of  each  form  parts  of  one  picture  in  the 
student's  mind.  The  inertia  of  the  indicator  piston  and  two 
of  the  difficult  cases  in  the  Zeuner  valve  diagram  construction 
are  discussed.  The  addition  of  tables  and  diagrams  facilitates 
finding  loss  of  head  in  steam  or  air  pipes.  As  the  use  of  logarith- 
mic cross-section  paper  has  not  yet  become  common,  a  descrip- 
tion of  its  use  in  connection  with  PV"^  curves  is  given.  The  dis- 
cussion on  Hirn's  analysis  is  now  followed  by  very  complete 
tables  giving  the  mean  effective  pressure  and  the  steam  per  horse- 
power-hour for  condensing  and  for  non-condensing  engines  of  the 
four-valve  type.  Tables  of  corrections  :fox:uii-tJal' condensation 
under  various  pressures  are  also* 'J2:ivi3ir.  A  forfiparison  of  the 
S  ideal  and  practical  consumption  of..st(5^lil  under  a  variety  of 
"*    circumstances  may  thus  be  made  quit^  <3asiry,.'  '•.-.: 

The  engineer  has  to  deal  with  the  •tl*9,n:s*fer*of  heat  through 

metal  surfaces.     Prof.  Perry's  theory *6f  tieat  transfer  and  formulas 

B    for  finding  the  mean  temperature  of  the  heating  and  cooling  fluids, 

i»    as  well  as  for  finding  the  rate  of  heat  transfer  per  square  foot 

per  minute  per  degree  difference  in  temperature,  as  given   by 

^    Hausbrand,  have  been  added.    A  much  more  complete  discussion 

0  of  the  design  of  feed-water  heaters  and  air-pumps  both  wet  and 

1  dry  for  surface,  jet  or  barometric  condensers  is  presented.    The 
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theoretical  discussion  of  fly-wheels  is  followed  by  a  discussion 
of  belt  and  balance  wheels  for  A.C.  and  D.C.  generators  with 
tables  and  empirical  formulas,  so  that  practical  sizes  for  ordinary 
cases  may  be  easily  found. 

A  final  chapter  has  been  added  on  steam-engine  details.  The 
student  is  supposed  to  have  had  "Strength  of  Materials."  From 
the  empirical-rational  formulas  in  this  chapter,  he  may  obtain 
practical  answers  which  he  can  profitably  compare  with  those 
derived  from  theory.  The  forms  of  the  various  details  may  be 
obtained  from  catalogues.  This  last  chapter  is  due  to  the  labor 
of  students  in  Cornell  and  in  the  University  of  Wisconsin,  super- 
vised by  Professors  Barr  and  Gould. 

While  some  students  cannot  afford  the  time  to  take  up  treatises 
on  the  gas-engine  and  on  refrigeration  in  college,  every  student 
can  afford  to  spend  a  week  on  those  subjects.  Two  short  chap- 
ters in  this  book  include  all  the  theory  on  those  subjects  which 
is  given  in  quite  large  treatises.  The  student  therefore  discovers 
that  books  on  those  subjects  should  have  no  difficulties  that  he 
cannot  master  by  himself  if  the  occasion  arise.  It  is,  of  course, 
realized  that  the  short  time  so  given  can,  in  no  sense,  take  the 
place  of  a  regular  course  in  these  subjects  if  the  student  can  fibad 
the  time. 

The  thanks  of  the  author  are  due  to  those  whose  matter  is 
quoted  in  the  text  and  especially  to  Professor  Peabody  for  his  kind 
permission  to  insert  Table  IX,  which  is  compiled  from  his  latest 
tables. 

W.  H.  P.  C. 
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The  instructor  is  seldom  compellefl  to  drive  studentfi  who 
compn*hend  their  text-books,  Tlie  Htiidcnt'^*  euruprehension  may 
be  gaugetl  by  his  ability  to  apply  principles  to  the  solution  of 
problems  containing  legitimate  difficulties.  He*  cannot  hope  to 
overcome  the  diiticulties  that  are  inherent  in  the  application  of  a 
number  of  principles  if  his  knowledge  of  these  principles  is  foggy 
and  inaccurate.  Therefore  it  is  only  fail*  to  the  student  that 
the  t^xt  should  be  clear  and  Us  etyle  attractive;  numerous 
illustrations  should  be  given;  especial  stress  should  be  laid  on 
fundamentals;  the  errors  that  he  is  liable  to  make  shouhl  be 
pointed  out,  prolixity  in  details  and  undue  terseness  should  be 
avoidai,  and  it  is  of  extreme  importaBec  that  a  proper  sec|uence 
of  subject  development  should  be  maintaine*!  not  only  in  the 
main  subdivisions  but  also  in  every  paragraj>li  anrl  sentence.  All 
sulijects  in  a  technical  course  should  be  valuable  not  only 
for  the  instruction  they  give  but  alno  ftir  the  opjiortimity  they 
pi-eRcnt  to  train  the  student  to  think.  The  inapr  .value  of  text- 
liooks  should  be  instructional'  'This  lvalue-' the  stuiient  develop? 
in  his  home  study.  The  instructiTr  livings  out  ttie  training  value 
of  the  subjects  by  problems  of  pmjier  CtJtnpJ&xity. 
This  book  possesses  the  fol]o>ving- char^rt<*l*isiies: 
The  history  of  the  steaiVM^ngiiit- hk^ljccn' bmittetb  After  a 
student  has  advancal  fai*  enough  to  appreciat^^  its  import,  the 
story  of  the  development  of  heat  mrtliiillflftay  l>e  given  by  the 
instructor.    The  fii-st  cha[Jt^r  m  dp\  '         '  -  view  of 

the  entire  subject— -with  illri-' •-■••'  •♦k  of  a 

Bteam-engine  plant — and  to  ereut 
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forms  of  energy.  Similarly,  each  subsidiary  subject  is  opened 
by  a  general  picture  of  that  subject,  so  that  the  general  relations 
of  the  parts  may  be  seen. 

While  an  earnest  effort  has  been  made  to  make  the  work 
simple,  no  principles  have  been  omitted  that  should  be  contained 
in  a  work  intended  for  undergraduate  students  of  coU^e  grade. 
The  Committee  on  Standard  Rules  of  the  American  Society  of 
Mechanical  Engineers  have  fommlated  rules  that  should  be  studied 
by  every  student.  These  rules  have  be(*n  incorporated  in  the 
text  in  positions  dependent  upon  the  development  of  the  sub- 
ject. In  this  way  duplication  of  the  same  matter  has  been 
avoided. 

In  the  development  of  a  new  sul)ject,  students  put  the  great- 
est stress  of  their  attention  upon  the  phases  first  presented,  and 
then  lightly  assume  that  they  can  make  the  necessary  modifi- 
cations for  the  more  complex  cases.  On  this  account,  and  because 
it  is  easier  to  pull  down  than  to  build  up,  the  author  has  alwaj^s 
developed  tlu*  most  complex  case  first  and  then  shown  the  deriva- 
tive or  more  sinii)le  forms.  This  inversion  of  the  usual  method 
gives  a  better  picture  of  the  subject  in  its  entirety. 

In  developing  a  complex  sul)ject  many  formulas  are  derived. 
In  no  way  can  th(\se  formulas  l)e  deemed  of  ecjual  importance. 
In  so  far  as  the  i>txulcnt  is  concerned,  the  fornmhis  that  give  answers 
most  directly  are  usually  of  the  l(»ast  importance.  Memorizing 
the  derivation  of  formulas  or  substituting  in  them  is  of  little  value. 
And  yet  there  are  about  two  dozen  formulas  that  should  be  so 
well  known  tl\at  they  are,  in  effect,  memorized.  These  are  mother, 
backbone,  or  iundairieutal;  formulaf:*  All  problems,  either  literal 
or  numerical,  should  start  -  wit  h.iiJlc  or  more  of  these  formulas. 
Their  incessant  rc^j}(itit^^3j|jrngs  a  compn^hension  that  can  be 
attained  in  no  other  ^vay^ 

The  text  calls  for  niaii]f  complete  designs.  These,  of  course, 
may  be  more  or  less  crude,  but  tTiey  are  of  grc^at  value  in  develop- 
ing much  unexpected  ignorance  of  principles  and  giving  (h^finite- 
ncss  to  the  student's  conception  of  a  machine  or  of  its  action. 
For  example^  few  books  complete  the  design  of  both  ends  of  a 
slide-valve  and  draw  both  indicator-cards  when  a  finite  connect- 
ing-rod is  used.    If  the  instructor  insists  on  the  student  making 
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a  complete  design,  a  number  of  mistakes  TviU  be  made  almost 
inevitably. 

Attention  Is  ealleil  to  the  method  of  drawing  indieAtor-cards 
for  compound  engines  directly  from  round  numbers.  The  ease 
with  which  the  different  points  on  the  diagram  are  found  enables 
the  effect  of  changes  (aa,  for  instance,  in  the  L.P,  cut-oflf  or  in  the 
receiver  \^ohjme)  to  be  seen  at  once  in  the  varying  areas  of  the 
cards.  Of  course  the  object  aimed  at  is  the  comprehension  of 
principles. 

The  fundamental  principles  of  themiodynamics  are  applie<l 
not  only  to  the  steam-engine  but  also  tc»  gas-engines  and  gas^ 
producers,  refrigerating  machines^  steam  turbines,  and  boiling 
in  a  vacuum.  In  tlie  discussion  <jf  these  machines  vague  gen- 
eralities have  been  avoideiij  even  if  the  diseussiun  is  limited  to 
the  application  of  general  laws.  The  endeavor  has  been  to  make 
the  foundation  broad  and  strong  enc^ugh  to  carry  any  super- 
structure that  the  instructor  wishes  to  erect  on  it.  The  discus- 
sion on  *stoam  turbines  starts  with  elementary  mechanical  pi'in- 
ciples  of  jet  action,  and  by  a  stei>-by-step  atlvance  (omitting  no 
proof,  giving  no  out.side  rererence^,  and  ushig  diagi-anmiatic 
sketches  frec*ly)  a   definite  picture  of  the  machine  is  built  up. 

The  author  appreciates  the  courtesj*  of  Professors  Carpenter, 
Peabwly,  Reeve,  8todola,  Thomas,  an<1  Thui^t<tns  heirs  and 
that  of  the  American  Society  of  Mechanical  Engineers  and  the 
American  Society  of  Naval  Engineers  in  giving  free  |)ermission 
r  to  use  either  text  or  plates  of  their  publications.  The  author 
falso  thanks  those  manufacturers  who  loanetl  cuts  of  their  pro- 
duet  ions,  ,.  -  ,^'  •,  ;,  . 

Letters  containing  hone.«ft '<^ritieiSTftt  syggnstions^  problems,  or 
encouragement  will  be  apprt^ciati-U  by  tao  airtbor  and  publishers. 

W.  H.  P.  C. 
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THE  STEAM-EKGINE  AND  OTHER 
HEAT-MOTORS. 


CHAPTER  I. 


REMEW  OF  ELEMENTARY  PRINCIPLES  AND  GENERAL 
VIEW  OF  STEAM-ENGINE  PLANT, 

The  student  mil  avoid  much  unnecessary  confuBion  by  keeping 
always  clearly  in  niind : 

1,  The  difference  between  an  essentially  elementary  and  a  com- 

pound quantity. 

2,  Elementary  quantities  can  only  equal  elementary  quantities. 
Twisting  moment^s  can  only  equal  twisting  moments. 
Compound  quantities^  derived  from  w*ork  or  changeable  into 

work,  can  only  equal  compound  quantities  that  can  be  de- 
riveil  from  work  or  can  be  convert etl  into  work, 

3,  The  two  sides  of  an  equation  must  be  similar  in  kind — ^homo- 

geneoas. 

4,  A  pull,  pushj  torque,  or  work  cannot  exist  unless  there  is  at 

the  same  time  an  opposing  pull,  push,  torque,  or  work  of 
exactly  equal  magnitude. 

5,  While  in  nature  neither  matter  nor  energy  is  ever  created  or 

destroyed,  there  is  an  unceasing  tendency  to  perfect  change, 
6*  He  shoulil  know  the  fundamental  formulas  of  a  subject  as  he 

knows  the  multiplication-table,  and  he  should  formuUze  his 

work  as  much  as  possible  and  substitute  in  formulas  as  little 

as  possible. 
?•  Cleame*    "     "       -^liscured  in  the  terseness  of  a  derived  formula* 
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Force,  whether  it  be  a  push,  pull,  or  an  attraction — such  as 
gravitation, — is  an  elementary  quantity.  Linear  distance  is  also 
elementary.  Unlike  force  it  may  be  compounded  with  itself,  as 
in  areas  and  volumes. 

Force  and  distance  may  be  combined  to  form  two  distinct 
compounds  which  should  never  be  confounded  with  nor  equated 
to  one  another.  Force  overcoming  an  equal  resistance  through  a 
distance  does  work.  The  force  is  exerted  through  a  distance. 
One  pound  lifted  a  foot  is  a  foot-pound,  because  there  is  a  resist- 
ance of  one  pound  through  a  foot.  One  pound  dragged  a  foot  hori- 
zontally on  a  rough  surface  does  not  require  a  foot-pound  of  energy, 
because  the  resistance  ordinarily  is  not  one  pound.  If  the  coeffi- 
cient of  friction  is  4%,  then  the  work  would  be  .04  foot- 
pound. 

Force  acting  at  a  distance  produces  a  turning  moment,  twist, 
or  torque.  Here  there  is  no  motion.  If  motion  is  impending,  it 
is  not  in  the  direction  of  the  distance  factor  of  the  twisting  mo- 
ment. A  twisting  moment  and  work  may  exist  at  the  same  time, 
as  in  a  moving  crank.  Imagine  all  the  forces  acting  on  a  crank- 
pin  reduced  to  a  single  force  (that  may  vary  in  amount),  always 
perpendicular  to  the  crank-arm.  The  torque  at  any  instant  Ls  the 
force,  at  that  instant,  multiplied  by  the  length  of  the  crank-arm 
=the  distance  from  the  center  of  the  crank-pin  to  the  center  of 
the  shaft.  The  work  per  revolution  would  be  the  mean  force  mul- 
tiplied by  the  distance  that  the  center  of  the  crank-pin  moves  in  a 
revolution. 

PL  =  work  or  twisting  moment  (according  to  the  conditions) 

in  foot-pounds,  foot-tons,  or  inch-pounds,  according  as 

P= pounds  or  tons; 

J     f    .       •     k     J  l^^g^b  of  ^r^^  ^^  twisting  moments ; 
X/=ieet  or  mcnes"^  j.  ,         xi.    r  au        i  •  i 

i^  distance  the  force  moves  through  in  W(^rk. 

Example  1.  A  winch  S  inches  in  diameter  has  two  crank-handles. 
18  inches  radius,  180°  apart.  Two  men  use  it  to  raise  bucktts  of 
stone,  whose  total  weight  is  200  pounds,  from  a  hole  40  f(vt  ih  ej>. 
Neglect  friction.  What  torque  does  each  exen?  What  work  does 
each  man  do  per  revolution?  WTiat  is  the  best  direction  for  eac  h 
man  to  enact  his  streogth? 


BLEMEXTARY  FRIXCIPLES. 


Work  may  be  stored  up;  it  is  then  called  energy.  Energy 
occurs  in  iimny  fonas  tliat  may  be  grouped  into  the  three  divi- 
sions—potential,  kineticj  and  \ibratory. 

Student*s  are  liable  to  confuse  potential  energy  and  torque. 
When  work  is  sitored  up  in  the  form  of  potential  energy,  all  motion 
has  disappeared;  for  example,  the  tightened  spring  in  a  watch  or 
the  water  in  an  elevated  tank.  In  these  cases  there  is  no  motion, 
but  we  notice  that  it  takes  force  acting  through  a  distance  to  wind 
the  spring  or  raise  the  water.  Under  theoretical  conditions  tlie 
spring  in  unwinding  and  the  water  in  descending  from  the  ele- 
vated tank  have  the  power  to  perform  as  much  work  as  was 
exfiendeil  originally  in  tightening  the  .spring  or  raising  the  water. 
It  is  its  potenry  or  power  to  do  work,  if  required,  that  ^ves  the 
name  potential  to  this  form  of  energy. 

Kinetic  energy  is  energy  of  motion*  As  the  number  of  revolu- 
tions of  the  fly-wheel  increa'^es  above  the  normal  it  is  absorbing 
foot-pountls  of  work  that  it  mil  give  out  later  in  slowing  down. 
The  rifle^bullet  with  small  mass  must  have  high  velocity  to  do 
the  work  of  penetration.  Any  mass  moving  in  any  direction  at 
any  velocity  possesses  kinetic  cne^g)^ 

Energy  of  vibration  seems  to  be  made  up  of  kinetic  and  po- 
tential energy;  and  yet  it  is  quite  different  from  either,  Tlie  most 
obiious  example  J  of  course,  is  the  pendulum.  At  the  bottom  of 
its  swing  all  its  energy  is  kinetic,  at  the  top  it  h  all  potential. 
Between  the  top  and  the  bottom  there  is  a  continual  interchange: 
descending  the  pemlulum  is  converting  potential  into  kinetic 
energy,  ami  ascending  this  process  is  reversed. 

The  main  characteristics  of  this  form  of  energy  are  the  Bmall 
amount  of  energy"  involved  and  the  length  of  time  that  it 
persists. 

Waves  are  vertical  vibrations  of  the  surface-water;  sound  is  a 
vibration  of  the  air,  and  light  is  a  \nbration  of  the  luminiferous 
ether.  Great  distances  are  traversed  by  wavers  and  sound,  hut 
they  are  insignificant  when  compared  to  the  millioas  of  millions 
of  miles  travelled  by  the  feeble  \ibration  called  Ught.  As  the 
amount  of  energ}-  is  so  insignificant  the  ether  that  transmits  the 
vibrations  must  be  wonderfully  adapted  for  the  purpose. 

Below    is   given   a   classification    of   different    forms  of  en- ! 
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ergy    in   which    the    forms   akeady    given    appear    as    subdi- 
visions. 


Factor  of  Intensity. 

Factor  of  Extent. 

Form  of  Energy. 

Name. 

Unit  of  Measure- 
ment. 

Name. 

Unit. 

Mechanical,  pot. 
Mechanical,  kin. 

Distance 

P^eet 

Force 

Pounds 

Velocity 

Feet-per-sec. 
Volts 

Mass 

Pounds -T-G 

Electrical,  pot. . . 
Electrical,  kin.  . . 

Potential 

Charge 

Coulombs 

Potential 

Volts 

Current 

Amperes 
Molecular  weight 

Chemical,  pot . . . 
Chemical,  kin.  . . 

Affinity 

Mass 

Thermal,  kin 

Temperature 

Degrees  (Fahr.) 
absolute 

Entropy 

Thennal,  pot — 

Temperature 

Degrees  (Fahr.) 
absohite 

Entropy 

From  Reeve,  Thermo€l>'namic8  of  Heat-engines. 

Most  of  the  fonns  of  energy  tabulated  an^  seen  to  be  made  up 
of  two  elemental  factors  and  hence  nmst  be  compound  and  of 
the  second  degree. 

It  may  be  assumed  that  there  Ls  evidence  in  plenty  that  each 
of  the  above  forms  of  energy  can  be  transformed  into  one  or  more 
of  the  other  forms  above  given.  They  must  all  be  compound, 
since  a  number  of  them  are  evidently  so.  The  student  is  probably 
more  or  less  familiar  with  all  the  forms  save  the  la.st  one.  We 
shall  assume  that  we  have  shown  that  thermal  energy  or  heat  is 
compound  and  is  made  up  of  tvH)  factors. 

If  these  forms  of  energy  can  be  converted  into  one  another 
they  must  all  be  either  simple  or  compound.  If  compound,  they 
must  be  compound  in  the  same  degree  (just  as  an  area  cannot 
equal  a  cube),  and  ultimately  it  would  seem  that  they  ought  to 
be  reducible  to  the  product  of  the  same  factors.  Further,  it  is 
not  necessary,  in  any  conversion  of  one  form  into  another,  that 
one  of  the  above  forms  of  energy  should  be  tran.^fornied  into  one 
other  form  alone.  Indeed  this  rarely  takes  place.  But  if  any 
quantity  in  an  equation  of  conversion  is  of  the  second  degree, 
every  quantity  connected  to  the  others  by  the  +  or  -  sign  must 
also  be  of  the  second  degree. 

The  following  table  gives  tersely  examples  of  the  change  of 
each  form  of  energy  into  each  of  the  others : 
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^^^F  ( Elect  nr:Ll  Dyi>iiiuo. 

Hechftnical  into  i  Chemicai  t.^H  ridges  CTngger  stpikmg) 

^  Thenim! ,  I'ri  ci  iurn  * 

fMechanic4il  E'octric  moton 

Ch  em  i  C!  i-l  KtiH'  t  ml  yds. 

llie^nnai  Klertrif  lighta, 

'  Mechanical  Work  tUine  in  eolleetini^  n  gas*  ariBing 
Gbemic^  iBto      j  from  dl^f^ 'living  a  solid  in  ncld. 

Elect ric44.L  Wet  l>a<  {y  y 

rhe  on  al ,  Comb\  ibI  Ipi*  . 


Thermftl  into 


{MechanicaL 
KlectrieaK 
CJherni<?al. 


Expansion  of  f«mace  waEs, 

EloetPcipile. 

i  Irtuvtli  of  vegetation. 

Ex.  2.  Give  other  examples  of  all  the  different  forms  of  energy 
aojJ  of  tlie  change  from  nne  form  into  one  or  mure  other  forms. 

Ex*  ^.  Give  all  the  different  forms  of  energy  that  appear  when  a 
henvy  gnn  is  fired  at  ni^ht. 

Temperattire. —Temperature  is  a  quality  of  heat  and  may  be 
said  to  riica^^iLre  its  iNTENstTV.  It  is  ob\dously  one  of  the  factors 
of  heat^  for  by  doubling  the  intensity  of  heat^  a-s  measured  from  a 
true  zero,  we  double  the  heat  in  a  body.  It  is  one  of  the  factors 
of  Iieat*  as  a  foot  Ls  a  factor  of  a  foot-pound.  It  is  not  heat  any 
more  tlian  a  foot  can  in  any  way  be  a  foot-pound.  Tenijierature 
b  elemental  in  character.  Its  unit  of  measiu-einent  is  called  a 
dep'ee,  Eacli  degree  on  any  avSsumeil  !5cale,  such  as  the  Fahren- 
heit»  Centigrade,  or  rL'auJnur,  is  .supposed  to  measure  equal  vari- 
fttiong  of  hitea^ity  of  heat.  But  tlie  variation  measured  by  the 
I'nhrenheit  degree  Is  only  ry/9  of  that  measured  by  the  Centip;rade 
de^n^e  an*]  4/9  of  that  of  the  R<?aunmr.  This  arises  from  the 
fact  tliat  the  same  variatirm  of  intensity  of  heat — the  variation 
that  exists  between  the  temperature  of  freezing  and  boiling  water 
at  atmospheric  pressure— is  divided  into  180  parts  on  the  Fahren- 
heit scale,  into  1(H*  parts  on  the  Centigrade  scale^  and  into  only 
80  part*^  on  the  Reaumur  scale. 

Thermal  Unit. — Two  such  units  are  available,  the  standard 
Brllisii  thermal  unit,  B.T.U.,  which  is  the  quantity  of  heat  required 
to  raise  om*  iJOtmd  of  water  from  GO^  F.  to  Oi*^  F*,  and  the  meuti. 
B.T.U-,  which  is  the  ISOth  part  of  the  heat  Required  to  raise  wau;r 
from  the  freezing  to  the  boiling  point.  The  latter  i;^  the  more 
easily  and  certainly  determined  and  corresponds  to  the  uiean 
caloiit  now  becoming  standard  abroad. 
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Calorie. — The  French  unit  of  heat  is  a  ealori(\  It  Is  the  meas- 
ure of  the  quantity  of  heat  that  is  required  to  raise  one  kilogram 
(2.2  pounds)  of  water  from  4?  to  5°  Centigrade  or  yi  o  of  that 
required  to  raise  one  kilo  of  water  from  0°  to  100°  C. 

As  heat  is  a  compound  quantity,  its  units  of  measure,  a  B.T.U. 
and  a  cal.  are  compound.    One  calorie =3.968  B.T.U. 

Cold. — Since  heat  is  a  form  of  energy  it  has  a  positive  exist- 
ence. This  cannot  be  said  of  cold.  There  is  no  such  thing  as  a 
quantity  of  cold.  All  bodies,  then,  are  hot,  i.e.,  possess  heat. 
Some  are  hotter  than  others.  When  the  latter  are  said  to  be 
colder  than  the  former,  the  term  colder  is  to  be  interpreted  as  less 
hot. 

Minus  Temperature  and  Minus  Pressure. — Similarly  we  shall 
find  that  there  are  no  such  quantities  as  minus  degrees  of  tem- 
perature or  minus  pounds  pressure.  In  fact  we  must  take  par- 
ticular pains  to  have  all  measurements  in  absolute  units,  viz., 
measured  from  a  real  zero. 

The  Fahrenheit  and  Centigrade  zeros  are  purely  arbitrary. 
At  a  true  zero  of  temperature  a  body  will  possess  no  heat,  or,  in 
other  words,  the  molecules  of  the  body  will  be  at  rest,  all  vibra- 
tion having  ceased.  Now  the  boiling-points  of  solid  hydrogen, 
nitrogen,  and  oxygen  are  far  below  either  of  the  above-mentioned 
arbitrary  zeros,  and  hence  the  true  zero  must  be  still  lower. 
While  air  is  not  a  perfect  gas,  yet  well-dried  air  will  serve  to  make 
a  good  thermometer  for  the  investigation  of  low  temperatures. 

Air-thermometer. — ^The  principle  of  an  air-thermometer  is 
shown  in  Fig.  1.  The  bore  is  supposed  to  be  absolutely  uniform 
and  the  drop  of  mercury  is  supposed  to  be  a  frictionless,  weight- 
less piston,  perfectly  air-tight.  Let  the  piston  be  any  convenient 
distance  from  the  bottom  when  the  whole  tube  is  immersed  in  a 
tub  of  water  and  melting  ice,  the  temperature  of  the  mixture  being 
constant  at  32°  F.  The  air  below  the  mercury  must  be  entirely 
free  of  moisture.  Measure  accurately  the  distance  the  piston  is 
from  the  bottom  of  the  tube.  The  atmospheric  pressure  (sup- 
posed to  be  14.7  pounds  per  square  inch)  is  constant  and  is  tbi 
sole  pressure  on  the  drop  of  mercury.  The  tube  is  now 
ferred  to  a  vessel  of  clean  distilled  w'ater  boiling  freely 
open  air.    The  height  to  which  our  frictionless  piston  j 
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is  now  markecL  The  increa.«:o  in  volinne  when  the  work  is  properly 
done  is  0.36M  limes  the  original  vohmie,  Thi?^  corre.*^iJOuds  on  tlie 
Fahrenheit  scale  to  a  rise  of  18()°,  .so  that  the  ri?^  per  degree  is 

IKtr  ^^*^-^3  ="409^  ^^  ^^^  original  volume. 


■■" 

/.  '*hi  •■■    A 

.:  > 

OT3'3 

•  2  , 

■  :^J        >i 

40S° 

;    > 

iiJ' 

O'^ 

—i,2imv- 


Id 


FitJ,  1,  Fio.  2. 

Ai  r-thermome  te  r. 


Ab&olute  Temper  at  ure.^It  is  now  evident  that  if  we  had  cooled 
the  air  below  the  freezing-point,  for  each  (Fahrenheit)  degree  of 
cooling  the  (original)  vohinie,  V,  woulii  have  tlecreased  1/492.6K, 
and,  on  the  support  ion  tliat  there  woulii  be  no  change  of  charac- 
teristicSj  the  zero  of  volume,  the  zero  of  temperature,  and  the 
Kcro  of  heat  possession  would  be  492^.6  below  the  Fahrenheit 
freeziiig-point  or  460°:6  below  the  Fahrenlieit  zero. 

In  Fig,  2  the  abo^'e  calculation  is  shown  graphically. 
Let  06  — initial  volume; 
"d  volume; 

temperature  absolute  —Tii 
inperatiu-e  aKsolute  ^  Tg- 
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Then 

ce-ab:ab::T2-Ti:Tu  or  0.3654:1:  :180:ri.  /.  Ti  =492^.6  F.A. 
Hence  the  ordinary  Fahrenheit  temperature  is  converted  into 
Fahrenheit  absolute  degrees  by  the  addition  of  460.6  degrees.  In 
a  similar  way,  the  ordinary  Centigrade  degrees  are  converted  into 
Centigrade  absolute  degrees  by  the  addition  of  273  degrees. 

As  all  known  gases  have  been  liquefied,  it  is  evident  that  none 
of  them  can  be  reduced  to  zero  volume,  as  the  law  ceases  to  hold 
with  a  change  of  state.  In  the  case  of  the  so-called  permanent 
gases  the  law  has  been  shown  to  be  true  far  below  any  tempera- 
ture required  for  engineering  purposes.* 

The  measurement  of  temperatures  by  thermometers  seems  a 
very  elementary  process.  The  difficulties  are  only  appreciated 
when  great  accuracy  is  required.  In  theory,  the  mercury  of  the 
orilinary  glass  thermometer  is  supposed  to  expand  equal  amounts 
for  equal  increments  of  heat,  the  bore  of  the  capillary  tube  is 
supposed  uniform  and  to  vary  uniformly  or  not  at  all  with  the 
addition  of  heat,  and  the  glass  is  supposed  to  be  in  such  a  molec- 
ular condition  that  the  bore  will  not  change  with  age.  In  accurate 
work,  these  quantities  vary  and  accurate  calibration  is  requisite 
before  use.  Some  forms  of  pyrometers  for  the  measurement  of 
high  temi>eratures  depend  upon  the  difference  in  expansion  of 
copper  and  steel  rods.  In  practice  they  do  not  work  well.  For 
very  high  temf)eratures  the  increase  in  electrical  resistance  of 
platinum-rhodium  wires  with  increase  of  temperature  is  meas- 
ured and  the  temperature  is  then  calculated. 

Ex.  4.  Convert  77^  F.,  17°  F.,  -  13°  F.  to  Centigrade  degrees. 

Ex.  5.  Convert  25°  C,  5°  C.  - 15°  C.  to  Fahrenheit  degrees. 

Ex.  6.  Convert  79.36  B.T.U.  to  calories;  45  calories  to  B.T.U. 

Ex.  7.  Convert  350°  F.  to  Fahrenheit  absolute  temperature;  to 
Centigrade  absolute  tempeniture. 

First  Law  of  Thermodynamics. — Heat  can  neither  be  created 
nor  destroyeil.  Heat  and  nuH»hanical  work  are  mutually  con- 
vertible, and  a  definite  ratio  exists  between  the  thermal  units 
that  disapi>ear  (or  ap{>ear)  and  the  foot  pounds  of  mechanical 
work  that  appear  (or  disapi>ear). 

♦  See  Journal  FnutkliD 
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Joule  determined  this  ratio  as  772  foot*pounds  to  1  B,T.U, 
More  recently  Rowland  fixed  the  ratio  as  778  foot-pounils  to  1 
BTXk    The  latter  value  will  be  used. 

Joule  allovvetl  a  known  weight  to  descend  a  known  distance, 
doing  niet'lianieal  work  l>y  revolving  a  paddle  in  a  vessel  filleil 
with  water.  Due  precautions  were  taken  to  prevent  heat  radia- 
.  tion  aa  far  as  possible.  The  heal  tliat  ilid  radiate  was  calculated. 
The  tendency  of  the  water  to  circulate  wHth  the  paddles  was  de- 
etroyed  by  properly  placed  balflc-plates.  The  known  weight 
descencUng  slowly  a  knoi^ii  distance  gave  the  foot-pounds  of 
Wiirk,  and  a  kiiow*n  weight  of  water  heated  a  measured  number 
of  degrees  of  temperature  gave  the  equivalent  number  of  thermal 
units.  Of  course  this  experiment  was  performed  many,  many 
times  with  [proper  precautions.  For  instance,  the  containing 
vcKsel  and  the  apparatus  in  the  water  became  heated  and  tliis 
amount  of  heat  had  to  be  comsideretl.  One  way  to  do  this  was 
to  heat  the  apparatus  to  the  maximum  temperature  before 
putting  in  the  water  at  the  original  temperature.  The  apparatus 
WTmld  thus  lose  to  the  water  as  much  heat  as  it  wouhl  afterwards 
absorb. 

Second  Law  of  Thermodynamics. — Heat  cannot  pass  from  & 
cold  body  to  a  hot  one  by  a  [nrrdy  self -acting  process.  Heat  in 
many  ways  is  compared  to  water*  We  say  that  water  will  not 
run  up-hilL  .^id  yet,  nothing  is  more  common  than  water  going 
uj>-hilK  It  h  witnesse<l  In  the  rising  mp  in  the  tree,  in  the  evap- 
oration of  water  J  in  all  forms  oi  water-working  machinery.  It  is 
evident  that  the  expression  should  be  "  water  will  not  run  up  hill 
unaided  by  some  exterior  agency/*  Similarly,  heat  (\o\vs  unaided 
from  a  hot  ttj  a  lorn  hot  Ijody,  but  will  not  flow  in  tlie  reverse 
senRr.  vm^  from  a  cold  to  a  hot  body  unless  aid  is  received  from 
^ome  exterior  source.  In  refrigeration,  heat  Ls  made  to  flow  from 
water  into  ammonia-gas  at  the  same  or  a  higher  temperature  by 
the  following  artifice.  The  ammonia-gas  Is  compressed  and 
ooglal  at  the  same  time.  Suppose  that  the  heat  abstract eil  Is 
just  equal  to  the  heat  that  Is  added  by  compression.  The  result 
]b  liquid  anmioma  at  the  same  ternperalvre  as  the  original  gas. 
If  the  liquid  ammonia  is  allowed  to  expantl  in  pipes  surrounded 
by  water,  the  ammooia  ^ill  abstract  the  heat  that  is  required  for 
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its  gasification  from  the  pipes  and  water.  The  actual  flow  of  heat 
is  from  the  water  to  the  colder  ammonia-gas.  The  final  result 
of  the  whole  process  is  that  heat  is,  by  the  aid  of  mechanical 
work,  "taken  from  one  body  (the  water)  and  put  into  another  (the 
ammodia)  that  :stes' originally  warmer. 

Steam-plant. — ^The  most  elementary  form  of  steam-plant  con- 
sists in::' 

A  steam-boiler  and  chimney. 

An  injector  or  steam-pump  to  supply  the  boiler  with  water. 

A  steam-engine  with  the  necessary  piping. 

In  a  complex  system  we  may  have : 

Steam-boiler  with  mechanical  grates. 

Induced  or  forced  draft. 

Economizers. 

Separators  in  the  pipe-line. 

Multiple-cylinder  engirt?^  or  steam-turbines. 

Steam-jackets  around  the   cylinders   or  in  the  cylinder- 

headi^. 
Some  form  of  exhaust-reheaters. 
Some  form  of  steam-condenser. 
Air-pump. 
Circulating  pump. 
Feed-water  pump. 
In  non-condensing  engines  the   exhaust-steam   may  pass 

through  a  foinl-water  heater. 

Steam-boiler  (Fig.  ;^).-  The  furnace,  the  heat-transmitting  sur- 
face and  the  chimney  must  be  dt>signed  so  that  a  certain  amount 
of  coal  can  bo  regularly  burned  and  the  resulting  heat  utilized  in 
the  formation  of  steam  with  tl\e  greatest  j^ractical  economy.  The 
furnaci^grate  must  bo  placet!  in  such  position  that  tl\e  fireman  is 
able  not  only  to  distribute  the  coal  proiHMly  but  also  can  keep 
the  incandescent  fuel  i)roi)orly  IovoIKhI,  free  from  holes  and  clear 
of  clinkti>i  ( Jrout  tTtmoiuy  of  aKnbut^ti*>n  U  only  s^^curcil  l>y  the 
adniiivsjon  of  tho  pn>]>or  mnouu^  p**  -^^r  •»!  |hi?  right  tinie.  Wien 
bituminuus  coal  i.s  ll)ln^^n  on  U|^  t  ifcttMj^i  it  nt'oib  very 

little  air  us  long  as  it  U  uti]j|^^^^tfa^^^pHM  up.    Wlwn 
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The  draft,  whether  produced  by  a  chimney  or  by  means  of 
fans,  should  be  ample  at  all  times.    Chimney-draft  is  called  nat- 


■jm^Tvil^ 


ural  draft,  while  all  forms  of  mechanical 
termal  artificial  draft. 
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DESailPTIOX  OF  THE    PaRTS    Im.DBTHATEII    l?r    FlOtTHR^    4    ANt>    8. 


F*rt 
No. 

N«iD«  ^  Pun, 

P*rt 
No. 

164 

fimtm  ot  Vmri, 

1 

Sleiitn-rvUndpr  {1  and  2)  (ptunp 

SteAni-pipe  icrew-flange. 

boily  In  smtill  duplex  pumper). 

17 

Slide-valve. 

my 

Cushion- valve. 

171 

Auxiliajy  valve* 

n  1 

Cushion- valve  stuffing-box. 

18 

Valve-rod, 

*4 

Cushion -valve  Btutfing-box  fol- 

181 

Piston-valve  rod* 

lower. 

19 

Valve-fDd  nut. 

5 

Hand -wheel. 

I9i 

Tappet -nut. 

0 

Steanj-i ylittder  head. 

20 

Valve-rod  gland. 

7 

i^ieujiwylinder  foot. 

201 

1 '  i  sto  n  ' val  ve-  rod  gland . 

8 

Drajti-eock. 

20  i 
20J 

\'alve-rod  stuJfing-box  nut. 

Pi  wt  on -valve    rod    utuHing-box 

9 

Steam -pis  ton. 

91 

FiMton*  valve. 

nut. 

10 

Steam -pinion  ring. 

21 

^'ah  e-rocl  head. 

101 

PUion-valve  ring. 

22 

Valvc-rod-hefid  pin. 
Ltjng  valve-hKi  link- 

n' 

STeani-piHloD  nut. 

23 

12 

Exhatjfeil-ttange, 

23i 

Short  valve- rod  litik* 

12} 

Exh,'iiLst-pii>e, 

24 

Cradle. 

14 

St^iKuH'hest, 

25 

Croi^s-stand. 

14* 

Piston- valve  chest. 

2fl 

Up  per  rock-shaft* 

15 

Stejiin-thest  coier. 

27 

Lower  roek-diaft. 

ihh 

Pis  ton^  val  ve-che8t  head  a . 

2H 

lx>ng  craak. 

Itf 

^t*^ain-niTi". 

*29 

^^hort  crank. 

*Nat  iituiwn  on  eiiU  or  actional  drAwiagi!. 

Artificial  draft  h  easily  regiilaterl  to  effect  the  combustion  of 
various  kiiiib  of  fuel  at  liUTerent  rate^  of  combustion.  Untler 
proper  management  it  makes  more  economic  combustion  possible 
by  proviiiiiig  a  more  accurate  regulation  of  the  air-supply,  poorer 
coal  may  be  burnt,  and  a  steadier  jf^upply  of  steam  may  be  fur- 
nished independent  of  weather  comlitions, 

Ulcere  the  draft  is  proilucal  by  a  cliimney  the  temperature  of 
the  gase^i  leaving  the  chimney  is  generally  between  MO"^  F,  and 
60<)^  F*  In  Europe  it  h  quite  usual  to  put  It^ss  heating-surface 
in  the  boiler  than  b  Ui?ual  in  this  country  and  then  force  the  feed- 
water  through  the  tubes  of  an  economizer  placed  in  the  path  of 
tiie  gases  to  the  chimney.  With  artificial  draft  it  m  poasihle  to 
have  the  final  temperature  of  the  gases  less  tlian  the  temperature 
of  the  water  in  the  boOer,  This  is  done  by  having  the  coldest 
feed- water  lieate*!  by  the  coldest  gases  (just  entering  the  cliinmey) 
and  the  hottest  fe(*d  (just  entering  the  boiler)  heated  by  the  hot 
m^^  just  entering  the  economizer  (Fig,  3),  If  the  boiler  absorbfi 
of  the  heat  of  the  fuel,  a  boiler  and  economizer  together  may 
82%*  AgainM  this  saving  must  be  charged  the  interest 
•oat  of  the  economizer  and  fan  anil  on  the  value  of  the 
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space  occupied,  as  well  as  the  cost  of  running  the  fans  and  an 
allowance  for  depreciation  and  repairs. 

Fig.  4  illustrates  a  section  of  a  small  piston-packed  pump  that 
may  be  used  for  feeding  the  boiler.  On  page  13  are  given  the  names 
of  all  its  parts,  as  well  as  those  of  the  air-pump  and  jet  condenser 
shown  in  Fig.  8.  The  student  should  familiarize  himself  not  only 
with  the  names  but  also  with  the  use  of  all  the  different  part^. 
Tliere  are  numerous  methods  of  actuating  the  steam-valve  of  feed- 
pumps, and  the  best  way  to  comprehend  the  mechanism  is  to  take 
the  pumps  apart  and  put  them  together  again  and  operate  the 
pump.  The  work  must  be  done  over  again  if  the  pump  does  not 
work  properly.     For  engine  details,  see  pages  17-22. 

Steam-separator. — ^Later  it  will  be  shown  that  it  is  extremely 
desirable  that  the  steam  entering  any  steam-cylinder  should  be 
as  free  from  water  as  possible.  Advantage  is  taken  of  the  fact 
that  water  is  nmch  heavier  than  steam  and,  by  causing  the  steam 
to  whirl,  centrifugal  force  carries  the  water  to  the  circumference 
of  the  containing  vessel.  'When  this  is  accomplished  great  care 
must  be  taken  to  keej)  the  water  out  of  the  line  of  action  of  the 
steam-current  or  it  will  be  picke<l  up  again.  An  efficient  sepa* 
rator  should  furnbh  dry  steam  to  the  engine.     Fig.  5. 

The  Steam-engine. — It  b«  usual  to  speak  of  the  work  done  by 
the  steam  in  a  steam-engine.  Strictly  speaking  this  is  incorrect^ 
We  shall  find  that  the  steam  is  an  agent,  just  as  the  connecting- 
roil  is,  n^eiving  a  certain  amount  of  energy  in  the  boiler  and  very 
inefficiently  ilelivering  a  very  small  part  of  it  in  the  engine.  We 
shall  learn  that  tlie  difference  in  temperature  of  the  steam  as  it 
enters  ami  ju?  it  leaves  a  steam-cylinder  is  greater  than  the  iliffer* 
ence  in  temi.>erature  of  the  liottest  tlay  in  summer  and  the  coldest 
day  in  winter.  .As  tlie  weight  of  steam  enttTin^r  and  leaxing  a 
cylinder  L^  the  same,  it  is  evident  that  a  largo  amount  of  lieat  ha^; 
disapjieareil.  The  engine  has  done  work,  however,  and  there  must 
he  some  relation  Ix^twtvn  the  heat  that  has  disaj^peared  and  the 
work  that  has  apix^ari\l.  At  the  very  outset  we  <ee  not  only  that 
the  steam-engine  is  a  heat-iMigine.  but  also  the  neee-<i:y  *'f  under- 
standing the  laws  of  heat  and  the  laws  irovernini:  \\w  i:\:rr  i.aniit^ 
of  heat  and  mechanical  energ>-.  Thernunlynan.u<  i<  !l;e  Mienee 
that  treats  of  the  relations  of  heat  anil  nuehanieal  work. 
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The  origin  of  all  the*  power  trf  any  Bteam-cngine  Hes  in  the 
coal  that  is  burnt  on  the  boiler-grate.  When  we  aasunie  that  a 
ciTtain  engine  will  make  a  certain  number  of  revolutions,  we 
either  assiuue  or  we  must  provide  sufficient  boiler-power  to  de- 
liver such  a  quantity  of  energj^  to 
the  engine  that  the  latter »  with  an 
effieieney  of  3  to  15  per  cent,  will 
develop  the  required  power.  The 
boUer-jiOwer  is  deterniineil  by  the 
aiiiount  of  coal  burnt  and  the 
effieieney  of  the  boiler. 

If  steam  is  admitted  alternately 
to  e^eh  side  of  a  steam-piston,  for 
evident  mechanieal  reasons  the 
motion  of  the  latter  Is  given  to  a 
pii?ton-rod  tiiat  movas  baekward 
and  forward  in  the  same  straight 
line.  Usually  this  motion  is  com- 
municated to  a  cros,s-head,  and  the 
reciprocating  motion  of  the  latter  is 
converted  into  a  rotary  motion  by 
means  of  a  connecting-rod  and 
crank.  ^Such  an  engine  is  called  a 
double-acting  engine.  Wiem  steam 
is  admitted  to  only  one  side,  the 
connei'ting-roil  may  Ik*  directly 
connecte<l  to  a  pivot-pin  in  the  piston.  Wien  a  plane  can  be 
passed  tlirongli  the  connec ting-roil  and  the  crank-arm,  the  crank 
is  said  to  be  on  a  center.  Wlien  the  piston  is  n'^arest  the  crank 
it  is  on  the  crank  center ^  when  it  is  farthest  away  it  h  on  the  head 
center* 

The  action  of  steam  in  a  steam-engine  is  as  follows:  The  pr*.^- 
[sure  of  the  steam  from  the  Ijoilor  causes  the  piston  to  move  through 
►  a  part  of  its  stroke  to  a  point  at  which,  by  some  kind  of  automatic 
mechanism  to  be  dei^cribed  later,  the  steam-supply  from  the  boiler 
is  cut  off*  The  pbton  must  complete  the  .stroke  ha\ing  only  the 
diminishing  steam-pressure  and  the  energy  stored  up  in  the  mov- 
ing parts  to  supply  the  pressure  necessary  to  overcome  resisl 
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If  the  crank-pin  has  a  uniform  motion,  by  Newton^s  First  Law 
the  resultant  of  all  the  pressures  exerted  on  the  crank-pin  must  ex- 
actly equal  the  resultant  of  all  its  resistances  just  as  if  the  crank- 
pin  were  at  rest.  If  at  any  time  there  is  a  cUflFerence,  acceleration 
(change  of  velocity  or  variable  speed)  positive  or  negative  im- 
mediately ifoUows.  It  is  evident,  then,  that  variation  in  rapidity 
of  motion  causes  the  equality  that  must  exist  between  the  driv- 
ing and  resisting  forces. 

WTien  the  piston  has  reached  the  end  of  its  stroke  all  the  steam 
that  produced  its  motion  mast  be  allowed  to  escape  to  some  place 
of  lower  pressure,  otherwise  the  piston  on  the  return-stroke  would 
compress  the  steam.  Compression  in  excess  lessens  the  amount 
of  external  work  done,  and  Is  neither  desirable  nor  economical, 
as  the  object  of  an  engine  is  the  production  of  external  work. 

The  steam  may  be  exhausted  into: 

(a)  A  receiver  or  vessel  that  will  serve  as  a  reservoir  to 
hold  the  steam  till  it  is  fed  into  another  cylinder 
working  in  a  lower  cycle  of  pressures  than  the  pre- 
ceding one. 

(6)  The  atmosphere. 

(c)  A  condenser. 

After  an  engine  has  been  started  and  is  running  regularly,  it 
is  e\ddent  that,  when  exhausting  into  a  receiver,  the  amount  of 
steam  entering  that  vessel  must  exactly  equal  the  amount  leav- 
ing, as  otherwse  the  pressure  in  that  vessel  would  continuously 
increase  or  decrease,  which  would  prevent  the  engine  from  work- 
ing. The  pressure  in  the  receiver  will  fluctuate  with  the  admis- 
sion and  emission  of  steam  and  may  be  greater  or  less  than  the 
atmospheric  pressure. 

Wlien  the  steam  exhausts  into  the  atmosphere,  the  back  pres- 
sure on  the  piston  will  be  the  barometric  or  atmospheric  pressure 
increased  by  the  pressure  necessary  to  overcome  the  frictional 
resistances  of  the  pipe  system  between  the  cylinder  and  the  at- 
mosphere. The  usual  assun\ed  back  pressure  then  is  either  X4^^ 
or  more  roughly  15  pounds  per  sc^uare  inch  where  pipe 
may  be  neglected. 

When  the  steam  is  exhausted  into  a  condenser 
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sxire  agsdnst  the  piston  may  be  reduced  to  1/2  pound  per  Bquare 
ineh  above  absolute  zero  of  pr^sure  mth  the  very  best  condenser 
^  equi|>ment,  or  to  3  pounds  per  square  inch  with  an  ordinary  equip- 
^mejit.  Keeping  in  mind  tliat  the  temperature  of  steam  depends 
in  some  way  on  the  rate  of  vibration  of  the  molecules  of  the 
Pteam,  and  its  pres^sure  depen<ls  on  the  rate  or  number  of  molee- 
ular  irripaets  on  the  containing  ves^^el,  we  reatUly  .see,  when  steam 
is  tieprived  of  90%  of  its  heat^  and  it,s  volume  reduced  to  1/1500 
of  the  volume  it  pos^^scii  when  entering  the  condenserj  that 
there  must  necei^sarily  be  a  great  raluetion  ^>f  jjre^^Hure,  The 
unavoiilable  pre^siu^e  in  the  condenser  would  be  tliat  due  to 
the  vapor  of  the  feed-water  if  there  were  no  leakage  of  air 
through  the  stuffing-boxes  and  the  joints  of  the  condenser 
and  exhaust-piping,  and  no  air  and  other  non-eondeiL*4ible  gastes 
in  the  feetl-water.  If  thet?e  ga^nes  accumulated,  it  h  evident 
that  the  back  pressure  might  finally  be  greater  than  that  r^f  tlie 
atmosphere-  Hence  an  air-pump  properly  dei^igned  ami  i>laced 
must  be  used  to  remove  all  the  condensed  steam,  vapor,  and  air. 
This  pump  tUscharges  its  contents  into  a  tank  called  a  hot-welK 
The  vapor  and  air  escape  into  the  atmosphere,  and  the  solid  water 
can  then  drain  downwards  into  the  suction-chamber  of  a  feed* 
pump  which  forces  it  through  the  feed-pipe  into  the  boiler.  ITiere 
are  two  piincipal  methods  of  condensation: 

(a)  By  means  of  a  surface  condeaser, 

(b)  By  means  of  a  jet  condenser. 

Surface  Condenser  and  Air-pump. ^One  form  of  a  surface  con- 
denser with  its  necessary  puuipsi  y  shown  in  Fig,  16,  The  exhaust- 
gteam  from  the  engintM?ylinder  enters  the  conr leaser  at  .4  and  is 
cUvided  into  many  streams  by  the  scattering-plate  0,  The  steam 
is  condensed  into  water  by  coming  into  contact  mih  the  cool 
tubes  and  then  flows  down  pipe  B  (clawed  to  spaces  V  and  S)  iuto 
spaeo  below  valves  S.    The  suction  valves,  S,  open  upward. 

It  is  well  to  keep  in  mind  that  there  is  no  motion  in  steam, 

water,  or  air  unless  there  is  a  difference   of  pressuj-e.     The  ex- 

'  —  ^^ii^f^^^^t^m  flow^s  into  the  condenser  only  so  long  as  the  pressure 

than  the  pressure  in  the  cylinder.    There  is  no  such 

cuum  drawing  or  sucking  in  the  steam.    Hence  we 
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see  that  the  valve  S  will  remain  open  only  so  long  as  the  pressure 
in  the  pump  is  less  than  the  pressm-e  in  the  condenser  decreased 
by  the  pressm'e  necessary  to  overcome  the  compression  of  the 
spring  that  tends  to  seat  S.  If  there  is  not  enough  water  to  fill 
the  piunp,  air  and  steam-vapor  will  fill  the  remaining  volume 
above  the  water.  On  the  return-stroke,  S  will  close  and  valve  V 
will  open.  The  air  wall  be  forced  past  the  open  valve  V  and  will 
be  followed  by  such  part  of  the  w^ater  as  is  not  required  to  fill 
the  clearance-space  that  exists  in  the  cylinder  and  passageway 
between  the  valve  V  and  the  piston  when  on  the  dead-center. 
From  the  chamber  above  V  the  air  escapes  into  the  atmosphere, 
and  the  water  nms  through  a  pipe  (shown  as  a  dotted  circle)  to 
the  hot-well.  The  vertical  pipe  at  B  connects  B  and  space  S,  but 
is  closed  to  space  V. 

Circulating  Pump. — On  the  right  of  the  same  figure  is  a 
cross-section  of  a  circulating  pump.  It  is  evident  that  the  cool- 
ing-tubes mentioned  above  would  soon  acquire  the  temperature 
of  the  entering  steam  if  the  heat  is  not  absorbed  by  some  other 
medium.  The  object  of  the  circulating  pump  is  to  take  water  at 
some  low  temperature,  as  60°  to  90°  F.,  and  circulate  it  through 
the  tubes  in  such  manner  that  it  wAW  absorb  the  gicatest  amount 
of  heat  possible.  It  will  be  found  that  this  can  best  be  done  by 
bringing  the  coolest  water  in  contact  with  the  coolest  steam  and 
the  hottest  water  in  contact  with  the  hottest  steam.  In  this  case 
the  circulating  water  passes  through  the  pump  in  the  direction  of 
the  arrows.  It  then  passes  through  the  lower  nest  of  tubes  in  the 
direction  of  the  arrows,  the  water-tght  diaphragms  determining 
the  direction  of  flow.  It  circulates  through  the  upper  nest  of 
tubes  in  a  similar  manner,  and  when  it  leaves  the  condenser 
it  has  a  temperature  of  110°  to  130°  F.,  each  pound  of  water 
having  absorbed  some  50  or  40  B.T.U.  (110-60  to  130-90),  more 
or  less.  This  circulating  water  is  often  called  injection-water  as 
it  enters  the  condenser,  and  is  called  discharge-water  as  it  leaves. 
The  condensed  steam  is  called  feed-water,  and  the  feed-pump  is 
the  one  that  is  used  to  force  it  into  the  boiler.  Hot  feed-water 
must  never  be  lifted  by  the  pump,  as  the  pump-chamber  will  fill 
with  vapor  on  the  suction-stroke,  and  the  requisite  pressure  will 
not  be  obtained  on  the  delivery-stroke  to  force  the  water  into  the 
bdler. 
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Jet  Condenser. — Fig.  17  represents  a  jet  condenser  and  its  air- 
pump.  This  is  an  old  form  that  is  rather  uneconomical  of  space, 
but  it  illustrates  the  principles  clearly,  which  is  important.  The 
€xhaust-steam  enters  the  condenser  by  the  pipe  just  above  the 
water-jet.  The  injection  water  and  steam  come  into  actual  con- 
tact and  assume  a  common  temperature.  The  air-pump  in  this 
case  is  vertical  (which  is  desirable)  and  contains  three  large  cir- 
cular valves.    These  are  made  of  hard  rubber,  are  held  fast  in  the 
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center,  and  are  bent  up  in  a  saucer  shape  with  an  excess  of  pres- 
sure on  the  bottom  side.  The  duty  thrown  on  one  valve  should 
be  distributed  among  several  valves.  The  lowest  is  the  foot- 
valve,  the  one  in  the  piston  is  a  bucket-valve,  and  the  top  one  is 
the  delivery- valve.  Raising  the  piston  reduces  the  prei«isure  in  the 
space  between  it  and  the  foot-valve.  If  the  condenser  pressure 
Is  greater  than  this,  the  foot-valve  rises  and  water  and  more  or 
le^s  air  or  vapor  enters  the  air-pump.  The  air  passes  through  the 
w^ater  so  that  when  the  piston  descends  the  former  passes  first 
through  the  bucket-valves  of  the  piston.  The  w«* 
through  last  serves  to  seal  the  valves  and  fill  the  e^ 
A  small  modern  jet  condenser  is  shown  in  J 
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The  Bourdon  Gage  (Fig.  19). — This  gage  is  used  to  indicate 
pressures.  These  are  indicated  on  a  marked  dial  by  the  move- 
ment of  a  hand.  The  latter  receives  its  motion  through  a 
mechanism  which  multiplies  the  motion  of  the  free  end  of  a 
curved  elastic  metal  tube  of  flattened  or  elliptical  cross-section. 
The  long  axis  of  this  section  is  perpendicular  to  the  plane  of  the 
tube.  The  steam  or  gas  is  admitted  at  the  fixed  end  into  the 
interior   of   the   elastic   tube.    As   the   pressure   increases,   the 


Fig.  19. — Double  Spring  Bourdon  Gage. 

elliptical  section  becomes  more  round.  This  tends  to  increase 
the  inside  arcs  at  right  angles  to  the  section,  and  as  a  conse- 
quence, the  free  end  tends  to  move  away  from  the  fixed  end. 

To  measure  very  heavy  pressure  in  hydraulic  work,  the  long 
axis  is  placed  parallel  to  the  plane  of  the  tube  or  dial.  The 
effect  of  increase  of  pressure  is  now  to  shorten  the  inner  arcs 
and  increase  of  pressure  is  followed  by  the  movement  of  the 
free  end  toward  the  fixed  end. 

'     This  gage  may  also  be  used  to  measure  vacuum  or  the  differ- 
ence between  the  absolute   pressure   in   some   vessel   and   the 
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absolute  pressure  of  the  atmosphere.    WTien  so  used  it  is  usual 
to  mark  it  in  inches  of  mercury  rather  than  in  pounds. 

Mercury  Column. — Let  Fig.  20  represent  a  U-tube,  about 
40  inches  long,  open  at  one  end,  C,  to  the  atmosphere  and 
connected    to    the    condenser   or   other  source   of  vacuum    at 

D.  Let  it  be  filled  with  perfectly 
pure  mercury — free  from  tin  or  other 
adulterations — to  some  level,  ABy  if 
the  pressure  at  D  and  C  are  equal. 
If  now  the  pressure  is  reduced  in  Z>, 
the  mercury  in  the  left  leg  will  rise 
and  it  will  fall  in  the  right  leg.  At 
any  instant,  let  the  distance  EF  mark 
the  difference  of  level. 

As  the  mercury  is  in  equilibrium, 
the  sum  of  the  vertical  forces  must 
be  zero,  we  have :  The  pressure  in  the 
condenser  in  pounds  per  square  inch + 
the  weight  of  the  column  of  mercury, 
EF,  'must  equal  the  pressure  of  the 
atmospJiere  in  pounds  per  square 
inch. 

Suppose  the  pressure  in  the  con- 
denser is  reduced  to  absolute  zero  and 
the  mercur}'^  rises  to  some  point  G 
then  HG  represents  the  weight  of  the 
atmosphere.  Evidently  then  GE-\- 
FH,  or  twice  GE,  represents  the  ab- 
solute pressure  in  the  condenser  when 
the  vacuum  therein  is  not  perfect.  Now  the  height  HG,  at  the 
sea-level  is  ordinarily  30  inches  of  mercury,  and  the  height  EF 
is  the  quantity  marked  on  all  forms  of  vacuum  gages.  Hence, 
ordinarily  30  inches  minus  EF  in  inches  is  the  absolute  pres- 
sure in  the  condenser.  To  be  exact,  instead  of  30  inches 
the  height  of  the  barometer  in  inches  should  be  used.  If, 
for  instance,  the  barometer  reading  is  29.83  inches  and  the- 
vacuum  is  26.7  inches  the  absolute  pressure 
is  29.83-26.7  =  3.13  inches. 
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Fig.  20. 
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If  we  call  the  atmospheric  pressure  15  pounds  per  square 
inch  and  the  barometer  30  inches,  it  is  evident  that  1  inch  is 
-equivalent  to  i  pound  pressure,  but  more  accurately,  1  inch 
equals  0.491  poimd. 
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Names  of  Parts. — It  is  desirable  that  the  student  learn,  as  soon 
as  possible,  the  technical  names  of  the  different  parts  of  the  steam- 
engine,  the  steam-boiler,  and  the  various  auxiliaries  and  appliances 
ci  a  steam-plant.    He  should  recognize,  know  the  use  of,  and  make 
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fair  sketches  from  memory  of  pistons,  piston-rods,  cross-heads, 
cross-head  pins,  cross-head  slipper,  cross-head  guides,  connecting- 
rods  (both  strap  and  club  end),  gib  and  key,  crank-pin,  crank-arm, 
crank,  crank-pin  brass,  crank-pin  journal,  bearing,  Uner,  caj)-nuts, 
frame  back-bone,  holding-down  bolts,  cylinder-bonnets  or  covers, 
cylinder-heads,  junk-ring,  follower,  springs,  rings,  boss  of  a  wheel, 
eccentrics,  eccentric-sheaves,  eccentric-rods,  stuffing-boxes,  pack- 
ing-glands, Stephenson  Unk,  dash-pot,  reach-rod,  parallel  rod, 
saddle-plate,  rocker,  separator,  steam-loop,  steam-traps,  sight- 
feed  lubricator,  indicator-cocks,  reducing  motion,  steam-gage, 
vacuum-gage,  receiver-gage,  jack-shaft.  He  should  trace  the 
course  of  the  steam  from  the  boiler  through  the  steam-pipes,  the 
engine,  the  condenser,  and  the  pumps  back  to  the  boiler.  Engines 
and  pumps  must  be  taken  apart  that  this  may  be  done. 

Rates  versus  Quantities.— It  is  important  to  distinguish  between 
pressure  and  pressure  per  square  inch.  Pressure  per  square  inch 
is  a  rate  or  an  intensity.  Pressure  per  square  inch  can  never  be 
pressure  any  more  than  velocity  can  be  distance.  Pressure  per 
square  inch  multiplied  by  square  inches  gives  pressure,  just  as 
velocity  miu^^t  be  multipHed  by  time  to  give  distance. 

An  expression  for  work  is  used  which  is  so  terse  that  much  con- 
fusion results  unless  its  factors  are  kept  clearly  in  mind: 

Work=P7, 
where  P=  pressure  per  square  foot; 

V  =  volume,  in  cubic  feet,  swept  through  by  P. 

Keep  clearly  in  mind  that  V  ^AL,  where  A  =area  in  square  feet 
and  L  is  distance  in  feet.  Therefore  P^  =  pounds  and  L=feet, 
so  that 

PAL=PV  =  foot-pounds. 

FA'idently  tlio  same  result  will  be  obtained  if  P  is  taken  in 
pounds  per  scjuare  inch,  if  we  take  care  to  use  A  in  square  inches. 
In  oth(T  words,  P  is  now  only  l/144th  of  its  former  value,  but  A 
is  144  times  as  large. 

In  st (»am-(*ngine  problems  it  is  frequently  convenient  to  use 
P  in  pounds  per  scjuare  incli.     Evidently  then,  to  o*     *     ^-lofc- 
pounds  when  /^  is  in  pounds  per  square  inch,  w^ 
area  of  the  piston  in  square  inches  and  th' 
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of  revolutions  per  minute  is  50.  The  engine  is  double-acting.  In 
practice  this  is  expressed  more  tersely.  The  diameter  of  the  cylinder 
is  always  the  first  dimension  and  the  stroke  is  the  second  one.  Thus 
the  above  may  be  written:  Find  the  I.H.P.  of  a  20"X48"  engine; 
revs.  50;  M.E.P.  =  33. 

Ex.  9.  Required  the  M.E.P.  of  a  12"X20''  engine  of  50  I.H  P.; 
revs.  100. 

Ex.  10.  Find  the  diameter  and  stroke  of  an  engine  to  give  100 
I.H.P.  with  a  M.E.P.  of  44  pounds,  assuming  the  stroke  to  be  3/2  the 
diameter  of  the  cylinder,  the  number  of  revolutions  being  50  per 
minute. 

The  ordinary  rating  of  a  machine  in  horse-power  should  be 
the  rate  at  which  it  is  safe  or  economical  to  run  it.  Temporarily, 
engines  may  be  made  to  develop  power  at  greater  rates  than 
their  normal  ones,  but  in  the  end  hot  bearings,  lack  of  economy, 
breakage,  or  other  evil  will  probably  arise.  In  some  cases,  how- 
ever, it  is  economical  to  drive  an  engine  to  the  limit  of  breakdown 
and  buy  a  new  one  when  necessary.  In  design,  due  regard  must 
be  paid  to  demands  for  power  for  short-time  intervals.  This  is 
illustrated  in  the  powerful  motors  required  in  street-car  work. 
Rates  Equivalent  to  a  Horse-power: 

33,000  foot-pounds  per  minute. 

650  foot-pounds  per  second. 

1,980,000  foot-pounds  per  hour. 

42.42  B.T.U.  per  minute. 

2545  B.T.U.  per  hour. 

746  watts  or  746  volt-amperas. 

1  kilowatt  =1000  watts  ==1.3405  horse-power. 
Brake  Horse-power. — ^This  term  applies  to  the  power  delivered 
from  the  fly-wheel  shaft  of  the  engine.  It  is  the  power  absorbed 
by  a  friction-brake  applied  to  the  rim  of  the  wheel  or  to  the 
shaft.  A  form  of  brake  is  preferred  that  is  self-adjusting  to  a 
certain  extent,  so  that  it  will  of  itself  tend  to  maintain  a  con- 
stant resistance  at  the  rim  of  the  wheel. 

"One  of  the  simplest  brakes  for  comparatively  small  engiiies 
which  may  be  made  to  embody  this  principle  consists  of  a 
or  hemp  rope,  or  a  number  of  ropes,  encircling  the  ^ 
ranged  with  weighing-scales  or  other  means  for  showinf 
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An  ordinary  band-brake  may  also  be  constructed  so  as  to  embody 
the  principle.  The  wheels  should  be  provided  with  interior  flanges 
for  holding  water  used  for  keeping  the  rim  cool. 

"A  self-adjusting  rope-brake  is  illustrated  in  Fig.  21, where  it 
will  be  seen  that,  if  the  friction  at  the  rim  of  the  wheel  increases, 
it  will  Uft  the  weight.  A,  which  action  will  diminish  the  tension 
at  the  end,  B,  of  the  rope,  and  thus  prevent  a  further  increase  in 
the  friction.  The  same  device  can  be  used  for  a  band-brake  of 
the  ordinary  construction.    Where  space  below  the  wheel  is  Um- 


Fio.  21.— Rope-brake. 


Fig.  23. — Rope-brake. 


ited,  a  cross-bar,  C,  supported  by  a  chain-tackle  exactly  at  its 
center-point  may  be  used  as  shown  in  Fig.  10,  thereby  causing 
the  action  of  the  weight  on  the  brake  to  be  upward.  A  safety- 
stop  should  be  used  with  either  form  to  prevent  the  weights 
being  accidentally  raised  more  than  a  certain  amount. 

"The  water-friction  brake  is  specially  adapted  for  high  speeds 
and  has  the  advantage  of  being  self-cooling.  The  Alden  brake  is 
also  self-cooling. 

"A  water-friction  brake  is  shown  in  Fig.  23.  It  consists  of 
two  circular  discs,  A  and  B,  attached  to  the  shaft,  C,  and  revolv- 
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ing  in  a  case,  E,  between  fixed  planes.  The  space  between  the 
discs  and  planes  is  suppliel  with  running  water,  which  enters  at 
D  and  escapes  at  the  cocks,  F,  G,  H.  The  friction  of  the  water 
against  the  surfaces  constitutes  a  resistance  which  absorbs  the 
desired  power,  and  the  heat  generated  within  is  carried  away  by 
the  water  itself.  The  water  is  thrown  outward  by  centrifugal 
action  and  fills  the  outer  portion  of  the  case.  The  greater  the 
depth  of  the  ring  of  water,  the  greater  the  amount  of  power  ab- 
sorbed. By  suitably  adjusting  the  amount  of  water  entering  and 
leaving,    any    desired   power    can   be   obtained.    Water-friction 


Fia.  23.— Alden  Rrake. 

brakes  have  been  used  successfully  at  speeds  of  over  20,000  revo- 
lutions per  minute.'' 

Brake  Horse-power. — Tlie  ixnver  tliat  an  onpne  can  deliver  is 
termed  its  brake  horse-power,  since  it  may  bo  measured,  when 
small  in  amount,  by  some  form  of  hraktMlynamomoter  (Fig. 21). 
The  difference  l>etween  the  indicated  and  tlio  brake  liors^^power 
is  the  friction  horse-power.  After  an  oiiirino  test,  the  load  is 
thrown  off  the  engine  when  jx>ssihle  aiul  cards  arc  taken.  From 
these  the  power  to  run  the  engine  with  no  \oi\d  is  determined. 
This  power  is  evidently  the  friction  hor  '^v,  and  by  subtract- 
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it  from  the  indicated  horse-power  the  brake  horse-power  is 

detemiinetL 

B  H  P 
The  mechanical  efficiency  of  the  engine  is  ^fjT~p~' 

Ab  seen  above,  the  minute  h  used  as  the  unit  of  time  in  meas- 
uring the  rating  of  an  engine  in  horse-power.  For  isomc  other 
purposes  a  minute  is  too  small  a  unit  for  convenience.  The  con- 
sumption of  water  and  coal  per  minute  would  be  small  decinialB 
that  would  be  awkward  to  use  antl  lUffieult  to  remember.  Hence 
the  consumption  per  hour  of  those  artick^  for  e^ch  horse-power 
indicated  by  the  engine  is  the  unit  adopted.  Hence  such  an 
expression  as  '' Consumption  of  coal  per  H. P. -hour  =2,1  poumls  " 
is  to  be  interpreted  "There  were  burnt  on  the  gi'ate  of  the  furnace 
2*1  pountls  of  coat  per  hour  for  each  I,H.P."  In  other  words,  for 
N  horse-power  the  total  consumption  of  coal  per  hour  w^ould  be 
2 AN  pounds, 

Efficiency^ — A  crude  definition  of  efficiency  is 


What  you  get 


What  you  paid  for  it 


While  it  is  not  difilcult  to  express  the  actual  efficiency  of  a  mech- 
anism under  certain  circumstances,  the  theoretical  efficiency  can 
only  be  expressed  under  ideal  conditions*  For  iimtance,  the 
efficiency  of  a  wood- turning  machine  might  be  very  low  at  low 
speerls  and  very  high  at  high  ?ippeiis;  its  efficiency  might  be  low 
when  of>eratetl  l)y  an  inexpert  workman  and  high  when  operated 
for  a  short  time  by  an  expert. 

Boiler  Efficiency.— The  efficiency  may  refer  to  the  grate  and 
boiler,  or  the  grate^  boiler,  and  economizer  (if  there  is  one)-  Tlie 
efficiency  m 

B.T.U,  deUvered  by  the  boiler  per  hour 
Heat  in  the  coal  biynt  per  hour 

The  heat  delivered  Ls  measured  from  the  temperature  of  the  feed- 
water  taken  by  a  thermometer  placed  in  the  feed-pipe  doee  to 
the  boiler. 

Tlie  heat  in  the  coal  majj,,be   found  by  calculation  tro^  * 
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chemical  analysis  of  a  sample  of  the  coal,  or  a  sample  may  be 
burnt  in  a  coal  calorimeter  and  its  heat  equivalent  found. 

If  the  percentage  of  carbon  present  in  one  pound  of  a  sample  =  C 
"  '^  "  "hydrogen  "  "  ''  ''  ''  "  =H 
<i  (c         a         "oxygen        ''      "   "       "     ''         ''     =0 

the  total  B.T.U.  m  one  pound  of  coal  =14,500C  + 62,000 ^H—gV 

The  maximum  efficiency  of  a  given  boiler  would  only  be  secured 
when  the  coal  in  quality,  fineness,  thickness  of  bed,  rate  of  burn- 
ing was  best  suited  to  the  kind  of  grate,  furnace,  and  intensity  of 
draft.  The  method  of  firing,  the  amount  of  air  admitted,  and 
other  variables  dependent  on  the  skill  of  the  fireman  enter  into 
the  result. 

To  avoid  these  ambiguities  the  A.  S.  M.  E.  has  adopted  a 
standard  boiler  and  a  standard  coal.  The  standard  coal  when 
burnt  in  a  standard  boiler  is  to  give  12,500  B.T.U.,  of  which  the 
boiler  is  to  deliver  10,000  B.T.U.,  having  consequently  an  assumed 
efficiency  of  80%. 

Boiler  Horse-power. — The  capacity  of  a  boiler  to  form  steam 
is  expressed  in  the  following  terms :  Suppose  water,  at  212°  F., 
is  fed  to  a  boiler  and  converted  into  steam  at  that  same  tem- 
perature, 212°  F.  A  hailer  horse-power  is  the  capacity  to  evapo- 
rate 34i  pounds  of  water  per  hour  from  water  at  212°  F.  into 
steam  at  212°  F.  We  shall  find  that  it  takes  966  thermal  units 
per  pound  of  water,  so  that  to  evaporate  34  J  pounds  of  water  re- 
quires 966X34^  =  33,305  B.T.U.,  or  approximately  33,000  B.T.U. 

This  rate  must  not  be  confused  with  an  engine  horse-power. 
The  latter  is  a  rate  in  foot-pounds  per  viinute  but  the  former  is 
a  rate  in  thermal  units  per  hour.  They  are  not  directly  related. 
A  500-horse-powcr  engine  might  require  boilers  of  any  power 
varying  from  150  to  1000  boiler  horse-power,  depending  on  the 
thermal  efficiency  of  the  engine. 

Rate  of  Evaporation. — Good  water  tubular  boilers  evapo- 
rate 8-10  pounds  of  water  per  pound  of  coal.  Heating  boilers 
below  20  horse-power  evaporate  4-G  pounds  of  water  per  pound 
of  coal.  With  the  usual  poor  firing  found  in  practice  these 
results  are  frequently  too  high  by  one  or  two  'vater. 
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Grate  Area. — ^The  grate  area  required  may  easily  be  found 
from  the  formula, 

^    34.5  XH.R 

^""      ExC     • 

(?= grate  area  in  square  feet; 

-E= pounds  of  water  evaporated  at  212®  F.  per  pound  of  coal; 

C= pounds  of  coal  burned  per  square  foot  of  grate  area  per  hour. 

It  is  usual  to  assume  a  combustion  of  15  pounds  of  coal  per 
square  foot  of  grate  with  natural  draft.  It  ranges  from  10  or 
12  for  anthracite  to  25  for  gaseous  bituminous  coal. 

AVERAGE  STEAM  CONSUMPTION  OF  ENGINES. 


T^pe  of  Engine. 


Pounds  of  Steam  per  I.H.P.  per 
Hour. 


Non-condensing. 


Condensing. 


Simple  high  speed 

Simple  medium  speed 

Simple  Corliss 

Compound  high  speed 

Compound  medium  speed 

Compound  Corliss 

Compound  Corliss,  over  500  I.H.P. 


36-32 
34-30 
30-26 
26-24 
28-23 
26-22 
24-20 


28-23 
26-22 
24-20 
22-lg 
22-17 
20-16 
18-14 


AVERAGE  STEAM  CONSUMPTION   OF   DUPLEX  PUMPS. 


Type  of  Pump. 


Pounds  of  Steam  per 

Hour  per  Delivered 

Horse  -power. 


Simple  non-condensing 

Compoimd  non-condensing. 

Triple  non-condensing 

High  duty  non-condensing. 


80-240 
65-75 
35-50 
28-34 


The  tables  are  arranged  in  the  order  of  steam  consumption, 
but  the  amounts  given  arc  for  engines  in  good  condition.  If 
the  valves  or  pistons  leak  the  amounts  given  above  may  be 
exceeded  by  thirty  to  forty  per  cent.  While  the  boiler  supplies 
the  above  weights  of  steam  per  I.H.P.  of  the  engine,  each  pound 
{weight)  of  the  steam  indicated  above  needs  more  heat  thaa 
that  required  to  convert  one  pound  of  water  at  212^  F.  into  steam 
at  212^  F.  This  variable  factor  called  the  '*  Factor  of  Evapora- 
tion*' depends  upon  the, feed-water  temperature  and  the  boiler 
pressure.    For  the  present,  this  factor  may  be  assumed  to  be 


38         THE  STEAM-ENGINE  AND   OTHER  HEAT-MOTORS. 

1.2.  To  obtain  the  corresponding  boiler  power  then  it  will  be 
iMJCCHsary  to  multiply  the  total  steam  consumption  of  the  engine 
by  1.2  and  the  quantity  so  found  should  ordinarily  be  increased 
by  10  to  20%  to  allow  for  auxiliaries,  future  expansion  and  over- 
loading the  cngme. 

For  example,  what  boiler  horse-power  would  be  required 
for  an  electric  light  plant  containing  300  I.H.P.  of  high-speed 
compound  engines? 

If  run  non-condensing  the  engines  would  require 
300X28  =  8400  pounds  of  water  per  hour. 
The  heat  rcniuired  to  evaporate  this  water  would  be  equal  to 
that  required  to  evaporate  8400X1.2=10,080  pounds  of  water 
from  and  at  212®  F.  Allow  15%  of  the  last  amount  for  auxil- 
iaries and  unforeseen  emergencies  and  we  have  10,080X1.15= 
11,592  pounds  of  water  to  be  evaporated  from  and  at  212°  F.,  or 

as  the  necessary  boiler  horae-power. 

The  factor  of  evaporation  may  be  obtained  more  accurately  by 
substitution  in  the  following  equations. 
Let  F*=» factor  of  evaporation; 
Ti— ti^mperature  of  the  steam; 
^  — tempi^ratuR^  of  the  feed-water; 
T//- total  heat  in   thennal  units  to  produce  one  pound 
weight  of  steam  at  temperature  Ti  from  feed- 
water  at  /i. 

TH  - 1091.7+. 305(7-32)  -  (/  -32) 

Steam  Consumption  of  Pumps.— The  steam  consumption 
of  pum|>s  is  very  gn^at.  and.  in  the  case  oi  pumps  which  are  started 
and  stopjHHl  at  intervals,  it  is  excissivo  throuixh  the  condensa- 
tion that  occurs  (during  the  quioscont  intonals^i  in  the  steam- 
pipo  leading  to  the  pump.  Allow  Vl\)  poun^ls  ]vr  hor-o-power 
hour  for  boiler  feed-pumps  running  at  a  praotioai  cnstarit  rate; 
allow  200-300,  for  power  actually  usovl.  if  they  are  s:ar:.\i  and 
stopped  frequently. 
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To  obtain  the  work  of  the  pump  multiply  the  weight  of 
water  lifted  by  the  vertical  height  in  feet  through  which  the 
wat-er  is  Uftetl.  This  estimate  must  be  increas?ed  by  a  percent- 
age based  on  pump  .slippaget  friction,  and  other  losses.  An 
ordinary  allowance  is  50%.  In  case  the  resistance  is  given  in 
pounds  pressure  per  square  inch,  as  occurs  when  water  is  pumped 
into  a  boiler,  divide  the  pressure  in  pounds  per  square  inch  by 
0:4  and  thiLS  obtain  the  "  head  in  feet/' 

Electric  Lighting-— Direct-current  arcs  usually  use  10  am- 
peres at  42  to  52  volts,  the  moat  satisfactory  light  being  at  46 
to  47  volts. 

Enclosed  Atch, — Direct-current  enclosed  arcs  consume  about 
5  amperes  at  80  volts  or  400  watts.  Alternating  enclosed  arcs 
usually  take  a  current  of  6  amperes  at  70  or  75  volts. 

The  power  required  for  electric  lighting  may  be  determined 
by  assuming  that  one  horse-power,  at  the  lamps,  is  consumed 
by  the  numb€»r  of  lamps  given  below. 
NUMBER  OF  TYPE  OF  LAMPS  SUPPLIED  BY  ONE  HO^E^POWEIL 


Nuinber  of  Lamp*. 

Type  *nil  Power  of  the  l^aznp. 

12 
6 

2.2 

1.5 

1  Uj  1.5 

16  candle-power  in ean descent 
32  €andle~fK>wer  iiicandeflcent 
Ha  If -are  oi>en 
Full  arc  open 
Closed  arc 

Assume  the  mechanical  r-fficiency  of  the  c^ngine  as  90%,  the 
efficiency  of  the  generator  as  90%,  and  the  line  efficiency  when 
the  lamps  are  in  or  near  the  buikling  as  90%;  we  have  a  total 
efficiency  of  73%  between  the  engine  and  the  lamps.  From 
thest*  data  the  boiler  horse-power  may  be  determined. 

Examjde, — What  boiler  horBe-iJOwer  will  be  required  to 
furnish  steam  to  high-j^peed  compound  non-condensing  engines, 
using  28  pounds  of  w^ater  |x?r  LH.R,  which  drive  generators 
for  the  following  lights:  2000  16  c.p.  incandescents^  1000  32  c,p* 
incandescents,  and  50  A,C.  c!r>sed  arcs, 

2000-^12=167 

1000-h  6=167 

50^   1-  50 

'm 
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Di\nding  384  electrical  horse-power  at  the  lamps  by  0.73  we 
obtain  525  I.H.P.  for  the  engines. 

Required  the  pump  displacement  per  minute  and  the  boiler 
horse-power  to  operate  the  feed-pumps  for  300  I.H.P.  of  high- 
speed compound  engines.  Water  lifted  5  feet,  boiler  pressure, 
160  pounds. 

If  run  non-condensing,  the  actual  requirements  are  300X28 
=8400  pounds  of  water  per  hour.  The  theoretical  displace- 
ment should  be  twice  this  amount  to  allow  for  slippage,  ineffi* 
ciency  of  pump  and  emergencies.  Pump  displacement  per 
minute  should  be 

8400X2      _        . 
60X62:5  =  ^-^"^-^*- 

/160  .    \8400 

VT"^^/"60" 
The  delivered  horse-power  will  be qqTw) — "  ^  ^'^^ 

The  actual  horse-power  may  be  1.7X1.5=2.5. 

Assume  a  water  consumption  of  100  pounds  per  horse-power 
and  it  is  evident  that  the  boiler  must  evaporate  250  pounds  of 
water  per  hour  for  the  pump.  Assume  a  factor  of  evaporation 
of  1.2  and  the  boiler  horse-power  required  will  be 

250X1.2 
34.5     ^^'^' 


The  steam  needed  by  the  engines  is  525X28=14,700  pounda 
With  a  factor  of  evaporation  of  1.2  we  have 

14.700X1.2    ^,^ 
34.5       "^^° 

as  the  boiler  horse-power  nHiuirtnl. 

Combining  EflBciencies.— If  one  iwund  of  coal  contains  14,000 
B.T.U.  and  the  effieienoy  of  tho  boiltT  is  75%.  what  percentage 
of  the  heat  libi^ratinl  in  the  furnari*  oi  the  toiler  appears  as 
energy  at  the  lights?  Assume  28  |H)uncls  as  the  water  rate  of 
the  engine. 
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The  engine  receives  28x966X1.2=32,457  B.T.U.  from  the 
boiler  per  hour  and  utilizes      ^  --^ =2545  B.T.U. 

2545 

Thermal  efficiency  of  the  engine  is  oo4g7  =  7.8%.  The  com- 
bined efficiency  is  then  .75 X. 078 X. 90 X. 90 X. 90 =.04.  Hence 
14,000 X. 04  =  560  B.T.U.  is  consumed  at  the  light. 

Heat  Consumption  of  a  Steam-engine  Plant.* — "The  heat  con- 
sumption of  a  steam-engine  plant  is  ascertained  by  measuring  the 
quantity  of  steam  consumed  by  the  plant,  calculating  the  total 
heat  of  the  entire  quantity  and  crediting  this  total  with  that  por- 
tion of  the  heat  rejected  by  the  plant  which  is  utilized  and  re- 
turned to  the  boiler.  The  term  engine-plant  as  here  used  should 
include  the  entire  equipment  of  the  steam-plant  which  is  con- 
cerned in  the  production  of  the  power,  embracing  the  main  cyl- 
inder or  cylinders,  the  jackets  and  reheaters,  the  air,  circulating 
and  boiler-feed  pumps  if  steam-driven,  and  any  other  steam- 
driven  mechanism  or  auxiliaries  necessary  to  the  working  of  the 
engine.  It  is  obligatory  to  thus  charge  the  engine  with  the  steam 
used  by  necessary  auxiliaries  in  determining  the  plant  economy, 
for  the  reason  that  it  is  itself  finally  benefited,  or  should  be  so 
benefited,  by  the  heat  which  they  retiu*n,  it  being  generally 
agreed  that  exhaust  steam  from  such  auxiliaries  should  be  passed 
through  a  feed-water  heater  and  the  heat  thereby  carried  back 
to  the  boiler  and  saved.  The  indicated  horse-power  is  that  de- 
termined by  steam-engine  indicators.  It  should  be  confined  to 
the  power  developed  in  the  main  cylinder  or  cylinders. 

''The  temperature  of  the  feed-water  is  the  actual  temperature 
under  working  conditions  and  should  be  taken  near  the  boiler. 

''The  heat  consumption  of  gas-  and  oil-engines  of  the  internal- 
combustion  class  is  found  by  ascertaining  the  total  heat  of  com- 
bustion of  the  particular  fuel  used,  which  should  be  determined 
by  a  calorimeter  test,  and  multiplying  the  result  by  the  quantity 
of  fuel  consumed.  In  determining  the  total  heat  of  combustion, 
no  deduction  is  made  for  the  latent  heat  of  the  water-vapor  in  the 
products  of  combustion. 

♦  See  Trans.  A.  S.  M.  E.,  Vol.  XXIV.    Standard  Rules. 


42        THE   STEAM'ENQINE    AND    OTHER  HEAT-MOTORS, 

"The  indicated  horse-power  should  be  confined  to  the  power 
dovoloped  in  the  main  cylinder  or  cylinders,  and  should  not  in- 
chide  that  developed  in  the  cylinders  of  auxiliaries. 

^*  The  thermal  efficiency  Is  expressed  by  the  fraction 
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B.T.U.  per  H.P.  per  hour' 

Tlio  heat -unit  expression  of  economy  does  not  in  itself  show 
whether  the  engine  is  working  to  its  best  advantage  any  more 
than  the  expression  of  the  steam  consumption,  since  the  tempera- 
iure  at  which  the  heat  is  supplied  is  a  very  important  factor  in 
determining  the  efficiency  of  engines,  as  there  is  only  a  limited 
choice  in  the  temperature  at  wliich  the  heat  is  rejected.    The 

rp    rp 

hightv^t  passible  efficiency  being  measured  by  —^ — ,  where  Ta 

is  the  aKsolute  temperature  of  the  steam  entering  the  engine  and 
Th  is  the  alvsohite  temperature  of  the  condenser. 

Kx,  U.  If  the  net  or  brake  horse-power  of  an  engine  is  929c  ^f 
the  MM\  and  the  eUvtrioal  horse-power  is  94^  of  the  brake  horse- 
lH»wer.  find  the  I.H.r,  of  an  engine  to  give  750  kilowatts. 

K\,  rj.  If  the  alH>ve  etViciencii\«  are  assumed,  find  the  coal  re- 
quinxl  ^ht  kilowatt-hour  if  2  pounds  are  nH]uired  per  hour  per  I. H.P. 

K\,  Ki,  If  the  heat  riveivixl  by  each  |Hnmd  of  steam  from  the 
Imiler  is  WW  IV'IM'..  and  the  engine  utilizes  only  10*^  of  this  in 
work  as  shown  by  the  indieator-<*anl.  how  many  jxniniis  of  water  per 
hour  nmst  U*  pum|H\l  into  the  UmUt  |vr  LH.l\? 

A  graphical  illustnuion  of  tl\e  answer  to  the  question  ''WTutt 
UHH^mes  of  the  h<^u-units?**  is  given  in  Fig.  24  for  an  excep- 
lionally  tvonotuieal  engine* 

IH  the  ISti.UK)  U.  r.l\  gii\enui\l  by  burning  coal  on  the  grate 
then^  is  a  Kvss  v^f  IOaHH^  units  by  ravUativ>u  frv^u  the  boiler;  the 
n^maimler  vlivivles  into  two  str\iu\ts  Alvna  70'^;  is  ab*^>rbed  by 
the  Kuler  auvl  tixe  t\>st  ^v^^s^^s  thrvui^iih  au  iwuoiuLzer  on  its  way 
to  the  ehiu\i\ey.  The  t\\\l  water  anitaitis  rv4«V  units  when  it 
rt^eht^  the  tvvuu^uufler.  auvl  iheie  i:  alv<v  vl\>^  l^.T.^^  luv^re  units 
that  vUhei"\\i>e  wvniUl  have  Kv:i  \\:v>'iv\'  1'-.^  ...rvl  rVol-water 
rweiv^vi  the  hvn  water  iVv^m'.  tlio  \u\v'.^  at..-  iv'.v;-^  A:>:r  losing 
svnue  hv\^t  bv  vHvUalu^n'  mv-'io  .*'.' rv»v^  •/,-.•<  '.^  :'  ;  ■••'.-.  A  total 
then  ot   U^^.'-Vh^  iimis  h,^i\e  K\^t^.  v^wn-    .i*'-  i  w::::  -•  :','/.  ■•vs:^  are 


ordinary  engine  or  in  an  uneconomical  one  i^  left  to  Ihe  reader. 
It  IB  the  province  of  this  book  to  disciLss  the  laws  that  govern  the 
saving  and  die  wasting  of  heat  in  the  steam-engine  and^ 
hcat-engincB. 
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In  Fig.  25  we  have  a  similar  diagram  for  an  ideal  plant,  show- 
ing that  104,200  B.T.U.  only  are  necessary  to  do  the  same  work 
in  a  purely  theoretical  engine  working  between  the  same  tempera- 


^ 


ture  limits.    The  ideal  efficiency  may  be  approached   but  never 
will  be  reached  by  any  practical  engine. 
The  names   of  engines   indicate: 

Their  use:   Marine,  rolling-mill,  agricultural,  electric-light^ 
saw-mill,  donkey,  switch. 
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The  number  of  revolutions :  High,  medium,  slow-speed. 

Character  of  steam  expansion:  Simple,  compound,  triple- 
expansion. 

Treatment  of  the  exhaust :  Condensing  or  non-condensing. 

Position  of  the  cylinders:  Horizontal,  vertical,  inclined, 
direct-acting,  inverted. 

Number  of  sides  of  piston  acted  upon  by  the  steam:  Single-, 
double-acting. 

Character  of  the  valve-gear:  Corliss,  gridiron,  plain-slide, 
double-poppet,  Marshall,  piston-valve. 

Character  of  the  cut-off  gear  •  Meyer,  Buckeye,  Corliss,  au- 
tomatic, adjustable,  variable. 

Kind  of  governor:  Throttle,  fly-ball,  fly-wheel,  or  shaft 
inertia. 

Position  of  valve-gear  with  reference  to  the  cylinder  and 
shaft :  Right-hand,  left-hand  engine. 

Direction  of  rotation :  Running  over,  running  under. 

Movability :  Stationary,  portable,  marine,  steamboat,  dredge. 

Connection  to  the  crank-pin:  Overhung,  tandem,  cross- 
compound. 

Reversibility :  Link,  shifting  eccentric. 

Enclosing  of  the  moving  parts :  Enclosed  engines. 

Concentration  on  one  base-plate :  Self-contained  engines. 

Ex.  14.  \Vhat  I.H.P.  will  be  required  to  raise  100,000,000  gallons 
of  water  per  day  through  a  height  of  40'  if  the  combined  efficiency  of 
engine  and  pump  is  50%? 

Ex.  15.  If  the  total  B.T.U.  in  one  pound  of  coal  is  14,500,  what 
is  the  combined  efficiency  of  an  engine  and  boiler  if  200  pounds  of 
coal  are  burnt  per  hour  in  the  furnace  of  the  boiler  to  run  a  100-I.H.P. 
engine. 

Ex.  16.  One  pound  of  coal  contains  .88  pound  of  carbon,  .03 
pound  of  hydrogen,  .04  pound  of  oxygen;  the  remainder  is  ash. 
30%  of  the  heat  generated  is  lost  in  the  chimney  gases.  How  many 
B.T.U.  are  absorbed  per  hour  if  200  pounds  of  coal  are  burnt  per  hour? 

Ex.  17.  If  the  work  (expressed  in  B.T.U.)  done  by  an  engine,  as 
shown  by  the  indicator-card,  is  8%  of  the  heat  that  was  given  to  the 
steam  in  the  boiler  and  it  is  known  that  the  boiler  only  absorbs  70% 
of  the  heat  that  is  in  the  coal,  find  the  number  of  poimds  of  coal  that 
are  required  per  hour  per  I.H.P. 


CHAPTER  II. 

STEAM-ENGINE  INDICATOR  AND  ITS  CALIBRATION. 

Steam-engine  Indicator. — ^The  steam-engine  indicator  has  but 
one  fundamental  requirement,  namely,  to  give  a  graphical  record 
of  the  steam  or  other  gaseous  pressure  that  existed  on  either  side 
of  a  piston  of  an  engine  for  any  or  all  positions  of  that  piston* 
Two  quantities  must  be  absolutely  exact — the  measiu^e  of  the 
Pteam  pressure  and  the  measure  of  the  contemporaneous  position 
of  the  piston.  Some  of  the  numerous  sources  of  error  will  be 
jwinteil  out  later.  Fig.  2G  illustrates  a  cross-section  of  the  Crosby 
iudioiitor.  Steam  from  one  side  of  the  engine-piston  is  admitted 
thnmgh  fi  to  the  piston,  8,  whose  movement,  resisted  by  the  pressure 
of  the  atnuvsphere  and  the  compression  of  the  spring  surrounding  10, 
is  conuuunioatiHl  to  a  imrallel  motion  which  causes  a  pencil,  secured 
at  2l\  in  the  ixnioil-lmr,  16,  to  move  in  a  straight  line  parallel  to 
one  of  the  eUMuentv^  of  the  i^ixT-ilrum,  24.  If  a  paper  is  fastened 
to  the  drum  by  the  two  elites,  shown  bn>ken  above  25,  and  the 
|Hmcil  at  23  is  pn^^\l  against  the  jia^^er,  then  by  rotating  the 
dnuu,  when  piston  S  is  exjHVieil  on  Ix^th  sides  to  the  atmosphere, 
a  refertM\oe-line.  calliHl  the  atnuv<pherio  line,  will  be  drawn.  Sup- 
jHVH^  stenn^,  wluv^e  pn^ssure  is  40  [xnmds  alx>ve  the  atmosphere, 
U5  adnntttnl  Mow  piston  S.  If  the  stiffness  of  the  spring  is 
such  \\\M  it  o\Mnprt^<i^  1  X'  and  this  movement  is  multiplied 
five  titu<>s  by  the  lover,  U\  thon  2:^  would  ri>^^  1  inch  above  the 
atnuvphorio  line,  honoo  for  nu\u<uriMnonts  on  the  diagram  on  the 
dnnn  the  s^vvlo  of  the  sprin*:  wouKl  Iv  40  {xninils  =  r'.  If  now 
the  dnnu  Iv  n>tat*Hl.  a  line  jvindlol  to  tho  atmospheric  line  pre- 
viously drawn  will  Iv  made  if  tho  pri^<\jri^  on  piston.  S,  remains 
c^>nstant.  If  the  pn^ssurt^  varios.  ilion  tho  wnoil-jxnnt  ^ill  either 
ri^  or  fall  and  a  ourvi\l  lino  will  Ix^  iviade  on  the  paj)er.    If, 
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however,  any  point  on  this  curve  be  t^ken,  its  height  above  the 
atmospheric  Hue  represents  the  gage  pressure  of  the  steam  on 
piston  S^  and  its  abscissa  represents  the  amount  that  the  drum 
was  rotated  from  its  initial  position. 

The  record  made  by  an  indicator  takes  the  form  of  a  closed 
figure  called  a  card  or  diagram.  The  length  of  a  card  does  not 
exceed  3"  or  4",  and,  in  high-speed  engines »  it  is  better  not  to 
exceed  2"  or  3",  The  height  of  the  card  should  not  exceed  2", 
and  in  high-speed  work  a  height  of  14"  is  plenty.  We  have  seen 
the  significance  of  the  vertical  movement  of  the  pencil,  and  there 
remains  only  the  horizontal  movement  of  the  paper  caused  by 
the  rotation  of  the  drum.  Suppose  the  stroke  of  an  engine  is  12'^ 
and  we  want  a  card  3"  long^  the  reduction  of  the  motion  of  the 
engine-piston  is  then  1/4,  If  the  enrls  of  the  atmospheric  line 
corr^pond  to  the  dead-center  positions  of  the  engine-piston^  then, 
for  each  1/4"  tlmt  the  drum  moves  from  its  initial  position  when  tlie 
pencil  is  at  the  end  of  the  atmospheric  line,  the  piston  of  the  en^ne 
should  move  1"  exactly  from  the  correaponiling  dead-center, 

♦"Part  4  Is  the  cylinder  proper^  in  which  the  movement  of 
the  piston  takers  place.  It  i^  made  of  a  special  alloy,  exactly 
suited  to  the  varying  temperaturea  to  which  it  is  subjected,  and 
secures  to  the  piston  the  same  freedom  of  movement  witli  high- 
pressure  steam  as  with  low;  and»  as  it.s  bottom  end  is  free  and 
out  of  contact  with  all  other  parts,  its  longitudinal  expansion  or 
contraction  is  unimpeded  and  no  dfcjtortion  can  possibly  take 
place.  Between  the  parts  4  and  5  is  an  annular  chamber,  which 
serves  as  a  steam-jacket^  and  being  open  at  tiH>  bottom  can  hold 
no  w^ater^  but  will  always  l>e  filled  with  steam  of  nearly  the  same 
teniperature  as  that  in  the  cylinder," 

In  the  above  paragraph  many  desitlerata  are  pointed  out^  but 
no  real  evidence  or  ilata  are  given  to  prove  the  assertions  beyond 
the  evidence  of  the  cut.  Catalogues  give  much  valuable  informa- 
tion, but  students  should  be  trained  to  give  only  the  proper  value 
to  the  statements  they  contain  for  obvious  reasons. 

"Tlie  piston,  8,  is  formed  from  a  solid  piece  of  the  fin^t  tool- 


•  Quoted  from  Practical  Instruction  for  Using  the  Steam-engine  iDdicaUsr^ 
Crosby  Steam-gage  and  Valve  Ca 
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steel.    Its  shell  is  made  as  thin  as  possible  consistent  with  proper  ^ 
fitpength.    It  is  hardened  to  prevent  any  reduction  of  its  area  by  H 
wearing,  then  ground  and  lapped  to  fit  (to  the  ten- thousandth 
part  of  an  inch)  a  cylindrical  gage  of  stanLlard  size.    Shallow 
-channels  in  it^s  outer  surface  proinde  a  steam-packing,  and  the 
moisture  and  oil  which  they  retain  act  as  lubricants  and  pre\^ent 
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Fiti  26. -Croaby  Indicator — Crosa-sectbn. 

undue  leakage  by  the  pisttjn,  Tiie  transverse  web  near  its  center 
supports  a  central  socket,  which  projfKJts  both  upward  and  down- 
ward; the  upper  part  is  llinmded  inside  to  receive  the  lower  end 
of  the  piwton-rofi;  the  ii[>fjer  edge  i»f  this  socket  is  formed  to  ht^_ 
nicely  into  a  circular  channel  in  tlu*  under  side  of  the  shoulder  of  tlie^^^| 
piston-rod  when  ihey  are  pnj|>eily  connected.  It  has  a  longituchnal 
slot  wliich  pcrinit8  the  i^traiglit  fKirlinri  tjf  (he  wire  at  the  bottom  of 
the  springs  with  ita  head,  to  ih^tip  \o  a  eoncave  bearing  in  the  upper 
end  of  the  piston-^erew,  9,  whirl i       '    4y  threaded  into  the  lower 
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part  of  the  socket;  the  heatl  of  thi.s  screw  is  hexagonal  and  may  be 

turnetl  with  the  hoUow  wrench  which  accompanies  the  indicator/' 

The  above  paragraph  gives  some  idea  of  the  care  used  in  the 

design  of  the  piston.    The  moving  parts  of  an  indicator  should 
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Fio,  27,-^jrosby  Indicator— Outside  8priiig. 

be  theoretically  i^ithout  weight  (on  account  of  inertia  Rtre^ses), 
and  should  be  frictionleBS,  With  the  advent  of  superheated  steam 
and  the  use  of  outside  springis,  this  firm  changed  the  shape  and 
si^e  of  the  indicator-piston.  For,  they  say  (Fig.  27),  "the  other 
and  more  important  difference  lies  in  the  shape  and  size  of  the 
piston.  This  piston  is  1  square  inch  in  area  and  is  in  form 
the  central  zone  of  a  sphere*  thus  affording  great  active  force  with 
a  very  light  pencil  mechanism.  In  other  words^  this  piston  serves 
as  a  imiversal  joint  to  take  care  of  the  torsional  strains  of  the 
spring  when  it  operates  the  pencil  mechanism  of  the  indicator. 
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"Thft  PinUm-rodf  10,  is  of  steel  and  is  made  hollow  for  lightness. 
ItH  lower  end  is  threaded  to  screw  into  the  upper  socket  of  the 
piHion.  Above  the  threaded  portion  is  a  shoulder  having  in  its 
under  nide  a  circular  channel  formed  to  receive  the  upper  edge  of 
the  Hocket  when  these  parts  are  connected  together.  When  mak- 
ing thin  connection  be  sure  that  the  piston-rod  is  screwed 
into  the  socket  as  far  as  it  will  go,  that  is,  until  the  upper  edge  of 
t  h(»  flockc»t  is  brought  firmly  against  the  bottom  of  the  channel  in  the 
piston-rod.  This  is  very  important,  as  it  insures  a  correct  alignment 
of  t  he  parts  and  a  free  movement  of  the  piston  within  the  cylinder. 

'*'rhe  Hmml'headf  11,  is  threaded  on  its  lower  half  to  screw 
into  (he  piston-rod  more  or  less,  according  to  the  required  height 
of  the  atmospheric  line  on  the  diagram.  Its  head  is  pivoted  to 
the  piston-rtKl  link  of  the  pencil  mechanism. 

"The  Capf  2,  rest*  on  top  of  the  cylinder  and  holds  the  sleeve 
and  all  contuTtod  jmrts  in  place.  It  has  a  central  depression  in 
lis  upjH^r  surface,  also  a  central  hole,  furnished  with  a  hardened- 
sttH^I  bushing,  which  serviv^  as  a  very  durable  and  sure  guide  to  the 
piston-roil.  It  projin^ts  downwartl  into  the  cylinder  in  two  steps 
lmvii\g  lUtToront  lengths  and  diameters;  both  these  and  the  hole 
have  a  con\mo!\  center.  The  lower  and  smaller  projection  is  screw- 
thn\HdiMl  outside  to  engagi^  with  the  like  threads  in  the  head  of 
the  spring  anil  hoKl  it  firmly  in  place.  The  upper  and  larger  pro- 
Jwtion  iv^  sonnv-thn\ul;Hl  on  its  lower  half  to  engage  with  the  light 
timvids  inside  the  cylinder:  the  upixT  half  of  this  larger  projec- 
tion, Innng  snuYOth  wrtical  jH^rtion,  is  accuratdy  fitted  into  a 
o^^r!\^|MYndi!\g  itHH>ss  in  the  top  of  the  cylinder,  and  forms  thereby 
a  Rui\lo  by  which  all  the  movii\g  jxwts  are  adjusteil  and  kept  in 
Ot>mvt  Hli|i5nnun\t.  which  is  wry  in^jxirtani,  but  which  is  impossi- 
We  to  s^vure  by  the  a^^  of  sjcrtnv-thim^fe  alone^ 

*'l1\f>  S/^>r.  S.  surf\nn\ds  the  upi^r  j^art  of  the  cylinder  in  a 
Ttv^^ss  ^vn\u\i  (%Mr  that  pur|vv!si^  and  supjxvrts  the  pencil  mechan- 
i?^n\;  the  ann.  \\  is  an  int^^rral  |\\rt  of  it.  It  turns  around  freely 
,^nd  is  hoid  in  i^Uee  by  the  C4ip> 

"'  n^e  Ptni^l  W^'*^4^t>w  is  tk^si^^wvl  to  affoixl  sufficient  strength 
at^d  ^toadit>oss  \^f  nH^^vnH^nt  >o^ilh  Uie  uiaKisl  lightness^  thereby 
^t^iinatin^  as  far  as  ivt«^M  "♦  -Nwieatum,  which  is 

<>isipocia)l>  t:r\'Atl^)o:(K>nK'  in  I  tuneiitad  kine- 
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malic  principle  is  that  of  the  pantograph.  The  fulcrum  of  the 
niechaRbm  as  a  whole,  the  point  attached  to  the  piston-rod,  and 
the  pencil-point  are  always  in  a  straight  line.  This  gives  to  the 
I  pencO-point  a  movement  exactly  parallel  with  that  of  the  piston, 
PHie  movement  of  the  spring  throughout  its  range  bears  a  con- 
stant ratio  to  the  force  applied  and  the  aniount  of  this  movement 
b  multiplied  six  times  at  the  pencil-point.  The  pencil-lever,  links, 
and  pins  are  all  made  of  a  hardened  steel;  the  latter,  slightly  tai>er* 
ingp  are  ground  and  lapped  to  fit  accurately,  without  perceptible 
friction  or  lost  motion, 

"The  Pisioji-spring  is  of  unique  and  ingenious  design,  being 
made  of  a  single  piece  of  the  finest  steel  \^ire^  wound  from  the 
middle  into  a  double  coilp  the  spiral  ends  of  which  are  screwed 
into  a  I>ra<^s  head  having  four  radial  wings  mth  spirally  drilieil 
hole-s  to  receive  and  hold  them  securely  in  place.  Adjustment  is 
made  by  screwing  them  into  the  head  more  or  less  until  exactly 
the  right  strength  of  spring  is  obtained,  when  they  are  there 
irmly  fixed.  This  method  of  fastening  and  ail  justing  removes  all 
Fdanger  of  loosening  coils,  and  obviates  all  neces>^ity  for  grinding 
the  wire,  a  practice  fatal  to  accuracy  in  indicator-springs, 

"The  Fool  of  ike  Spring t- — in  which  lightness  is  of  great  impor- 
tance, it  being  the  part  subject  to  the  greatest  movement,^s  a 
small  steel  bead  firnUy  'staked'  on  to  the  wire.  This  take^  the 
place  of  the  heavy  brass  foot  used  in  other  incficators,  and  reduces 
the  inertia  and  momentum  at  this  point  to  a  minimum,  whereby  a 
great  improvement  is  cffecteil.  This  bead  has  its  bearing  in  the 
center  of  the  pis^ton^  and  in  connection  with  the  lower  enil  of  the 
pist4in-rod  and  the  upper  end  of  the  piston-screw,  9  (both  of  which 
are  concaved  to  fit  it),  forms  a  ball-and*socket  joint  which  allows 
the  .spring  to  yield  to  pressure  from  any  direction  without  caui^ing 
the  piston  to  bintl  in  the  cylintler,  wliich  is  sure  to  occur  when  the 
spring  and  piston  are  rigidly  unitetl,  as  is  the  case  in  other  indi- 
cators. Designing  the  spring  so  that  any  lateral  movement  that 
it  may  receive  when  compressed  shall  not  be  communicated  to  the 
piston  and  cause  errors  in  the  diagram  is  of  extreme  importance. 
"The  Drum-spring,  31,  in  the  Crosby  indicator  (Fig.  27)  is  a 
:  spiral,  while  in  every  other  make  a  long  volute-spring  is  used. 
It  is  ob\ious  from  the  large  contact  surfaces  of  a  long  volute- 
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spring  that  it^  friction  would  be  greater  tlian  that  of  a  short  open 
^nnil  form;  also,  that  hi  a  spring  of  each  kinil,  for  a  g^ven  amount 
of  coinpreisgion, — as  in  the  tnovcnient  of  an  imiicator-drum, — ^the 
rit*oil  would  he  greiiter  and  expended  mure  quickly  in  the  spiral 
than  in  the  volute  form.  fl 

'^If  the  eonditions  under  wWch  the  drum-spring  operates  be 
cansidered^  it  will  reattily  be  seen  that  at  the  beginning  of  the 
stroke,  when  the  cord  has  all  the  r^istanee  of  the  drum  and 
spring  to  overeonie,  the  spring  should  offer  less  resistance  than 
any  other  titne;  in  the  b(*ginning  t>f  the  stroke  in  the  opposite 
tlireetion,  huwt*v tr,  when  the  spring  has  to  overcome  the  inertia  and 
frietion  of  the  drum,  its  energy  of  rec^jil  should  be  the  greatest."^! 

Indtcator-springs*  — Springs  are  ma*le  to  the  following  c^fales?: 
I,  S,  12,  Hi,  20.  ;?U.  40,  50,  tX),  SO,  100,  120,  150,  ISO,  The  spring 
to  be  U£«ed  is  determinetl  by  the  fact  that  the  height  of  the  dia- 
gram should  not  exceed  1]^'*  ^| 

♦Tabor  Indicator,— Fig.  2S  illui^tratess  thentethod  of  making  a 
ptnieil-point  thv^rribe  a  slniight  line  when  the  iieneil  h  attaclieJ 


t4i  a  Wvt^  that  tends  Ur  de^nniht*  a  eireuUr  arc,    "A  ^tationar 
plat^  ill  wliieh  iH  a  eurvi^i  ^Ux  xs  tii  inly  ?*tvunxi  in  an  upright  posi-j 
lion  lo  llw  iH>vt*r  of  the  i*lmin*rylituk*f  {m  on  tlie  out^ile  sprinj 
iiltfidfttor  ta  A  braeket  on  the  )^UmniH\vtindtT>.    On  the  pencil-bar" 
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is  a  roller-bearing  whicli  is  secured  to  the  bar  by  a  pin.  This 
roller  move«  freely  in  the  curvetl  slot  in  the  gtiide  upright  and 
cent  rob  the  motion  of  the  pencil-bar.  The  position  of  the  slot 
ami  guide  upright  is  so  atljustc^^  aiitl  the  ^uitie-roller  is  so  placed 
on  tlic  peneil'bar  ihat  the  curve  of  the  guide  shit  cuntroLs  the 
pencil  motion  ami  ali?^olutely  compensates  the  tendency  of  the 
pencil  to  move  in  a  curve/*- 

**The  springs  used  on  the  Talior  indicators  are  of  the  iluplex 
type^  made  of  two  coik  of  wire  fasteneti  exact  I)'  tijjjjosite  to  i^ach 
other  on  the  bases.  This?  arrangement  equalisses  the  side  strain 
on  tlie  spring  and  keeps  the  piston  central  ill  Ihc  cyliinler,  avoid- 
ing the  exces^^ive  friction  cammed  \nth  a  i^^ingie  coil  sfiring  forcing 
the  piston  unequally  against  the  side  of  the  cylinder."  The 
springs  for  iaside  and  outside  use  neceRsarily  differ,  due  to  the 
differences  of  temperature  to  whirli  they  are  expot^L  ITiose 
intended  for  cjutside  springs  are  marker  1  Z>,  as  in  Fig.  29;  the  ingide 
springs  are  unlettered*  The  table  gives  the  safe  pressures  for 
L#prings  of  different  .strength. 
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Fig,  30  represents  a  Tabor  indicator  with  outside  spring, 
Tlie  motion  of  the  Indicator-piston,  which  is  in  thc^  steain-cylinder 
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below  the  spring,  is  given  to  the  parallel  motion  shown  in  front 
of  the  spring.  The  indicator-card  paper  is  held  on  the  paper- 
cylinder  by  the  two  clips  shown  at  the  end  of  the  pencil-bar. 
Motion  is  given  to  the  drum  by  a  Houghtaling  reducing  motion. 

It  is  well  known  that  a  worm  and  worm-wheel  afford  a  simple 
means  of  securing  a  large  reduction  in  the  velocity  ratio  between 
two  shafts  at  right  angles  to  one  another,  since  one  complete 
revolution  of  the  worm  causes  the  worm-wheel  to  rotate  throu^ 
an  angle  measureil  by  the  pitch  of  one  tooth.  It  is  also  well 
known  that  it  is  desirable  to  stop  the  motion  of  the  paper-drum 
to  change  indicator-card  {>ai)ers  lis-ithout  disconnecting  the  cord 
that  gives  motion  to  the  papernlnmi. 

In  the  Houghtaling  retlucing  motion,  the  forward  motion  of 
the  cross-head  of  the  engine  is  conveyed  throu^  a  cord  to  a 
detachable  pulley  wha^e  diameter  is  about  1/12  the  stroke  <rf 
the  engine.  Tlie  motion  oi  this  pulley  is  given  to  its  shaft  only 
on  clrsing  the  clutch  shown  to  the  left  of  the  pulley.  A  worm 
turneil  on  the  shaft  gears  vMh  a  worm-wheel  attached  to  the 
papt^r-ilnun.  The  rotation  of  this  drum  during  the  forward 
ongintxstroke  winds  a  volute-spring.  Tlie  unwinding  of  this  spring 
on  the  rt^turn-stn>ke  furnishes  the  power  to  rotate  the  drum. 

In  setting  the  valvt^  of  an  engine  it  is  verj-  desirable  to  take 
canls  from  each  enil  of  each  cyliniler  during  the  same  revolu- 
tion irf  the  engine.  This  may  1h*  ilone  by  the  use  of  an  electrical 
attachment  to  the  indicator.  t>5sentially  it  consists  of  an  electro- 
magnet that  ilraws  the  |H*ncil  \\>  the  {^ajXT  during  the  passage 
of  an  eltH'tric  currt^nt  tlm>ugh  the  magnet  and  withdraws  the 
I^nicil  when  the  curn^nt   is  bn^ken. 

*'li\  oases  whert*  dingrauis  an^  to  Ix^  taken  simultaneously, 
the  In^st  plai\  is  to  have  an  ofvrator  stationeil  at  t^ch  indicator. 
This  is  lU^irable,  evei\  where  an  eUvtrie  i>r  other  vlevice  is  employed 
to  o|H*rate  all  the  instvuuients  at  once:  for  unK^^^  there  are  enough 
ojH^rators,  it  is  luvess^nry  to  ojvn  the  iu<licatorHHK'ks  some  time 
Mon*  taking  the  dia^niitw  and  run  the  risk  v>t  clogging  the  pistons 
aiul  heating  the  hi>rh-prx's.^uiv  springs  alK>ve  the  onlinar}^  work- 
ing tein^H^mtuiv."  \ 
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Dimensions  of  Standard  Tabor  Indicator. — Diameter  of  ])is- 
tou,  0.797S  inch;  stroke  of  (Irum,  5,5  inches;  range  of  pencil 
action  J  3*25  inches;  diameter  of  drum,  2.063  inches;  height  of 
drum,  4  inches;   ratio  of  muHipIication  of  piston  motion^  5  for  1, 

Dimensions   of   Small    Drum-indicator. — Diameter  of  piston, 
0,7978  inch;   stroke  of  drvim,  4  inches;   range  of  pencil  motion, 
L35  inches;    diameter  of  dnim,   1.5  inches;    height  of    dnim, 
^2»875  inehes;   ratio  of  multipHcation  of  piston  motion,  5  for  1. 

Attachment  of  the  Indicator.— For  accurate  w<>rk  the  indi- 
cator connections  should  be  short  and  direct,  especially  in  high- 
speed engines.  The  indicator  may  be  used  at  any  angle,  but 
the  vertical  position  is  generally  preferable.  The  usual  plan  b 
to  bore  a  hole  in  the  side  of  the  cylinder  so  as  to  pierce  the  bore 
in  the  clearance  space  out  of  the  currents  of  steam  and  beyond 
the  piston  when  on  the  dead-center.  After  tapping  these  holts 
for  1/2"  pipe,  a  short  quarter-bend  of  that  size,  tlireaded  at 
each  end,  is  screwed  into  these  holes.  A  bushing  and  a  straight- 
w^ay  ctH'k— wlueh  generally  only  iit^  one  style  of  indicator — com- 
plete the  connection. 

^Tien  tlrilling  holes,  It  Ls  necessary  either  to  take  off  the  cylin-* 
der-heads  to  remove  the  metal  chips  or  to  carry  a  low  steam 
pressure  that  will  blow  the  chips  towartls  the  driller.  No  red 
or  wliite  lead  shouhl  be  used^  as  particlcj^  of  it  may  get  into  the 
indicator  and  injure  it. 

Before  drilling  the  holes  the  following  should  be  considered: 

1.  The  relation  of  the  holes  to  the  piston  and  ports, 

2.  The  position,  metliod  of  fastening,  and  accessibility  of  the 
reducing  motion. 

3.  Tlte  convenience  of  the  operator  in  taking  cards. 

**The  use  of  a  three-way  cock  and  a  single  indicator  con- 
nected to  the  two  ends  of  the  cylinder  is  not  advised,  except 
in  cases  where  it  is  impracticable  to  use  an  indicator  close  to 
€ach  end.  If  a  three-way  cock  is  used  the  error  produced  should 
be  determined  and  allowed  for.  The  effect  of  the  error  pro- 
duced by  a  three-way  cock  is  usually  to  increase  the  area  of  the 
diagram.  This  is  due  to  the  tardiness  of  the  indicator  in  respond- 
j^jng  to  the  changes  of  pressure.  In  an  inv^tigation  made  by 
mt  of  the  oonmiittee^  which   was  carried  out  both  on  short- 
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stroke  engines  running  at  high  speed  and  longnstroke  engines 
running  at  comparative  slow  speed,  it  was  found  that  the  in- 
creased area  of  the  diagram,  due  to  the  sluggish  action  produced 
by  the  three-way  cock,  ranged  from  3  to  7  per  cent  as  compared 
with  an  indicator  with  a  short  and  direct  pipe.''  f 

Drum  Motion. — ^The  motion  of  the  paper-drum  may  be  derived 
from  the  cross-head  or  any  other  part  of  the  engine  whose  motion 
coincides  with  that  of  the  piston.  Various  devices  have  been 
invented  to  reduce  the  cross-head  motion  to  that  required  by 
the  drum.  In  most  of  them  a  cord  is  used.  This  cord  should 
not  st retell  appreciably  under  the  stress  to  which  it  is  subjected 
and  it  should  always  maintain  the  same  path.  It  should  not, 
for  instance,  radiate  in  different  lines  from  a  point  at  different 
piisitions  of  the  cross-head. 

Reducing-lever.  —  Before  the  introduction  of  the  portable 
forms  of  riHluoing  motions,  consulting  engineers  had  frequently  to 
devise  a  rinlueing  motion  on  the  premises  visited.  A  common 
form  of  the  riHlucing-lever  is  shown  in  Fig.  31.  The  support 
for  the  pivot  on  the  top  has  been  omitted.  In  some  cases  the 
coiling  over  tlie  engine  affordeii  the  necessary  base;  in  other 
etudes  a  suKstantinl  fnune  had  to  ho  erecteil.  As  ri^dity  is  more 
important  than  strength  alone  it  is  well  to  take  a  straight-grained 
piive  of  wiHul.  plnniHl  on  IhUIi  sidt^,  1"  thick,  some  3"  wide  at 
the  top  and  2"  wide  at  tlie  N^ttom.  It  should  swing  without 
vibration  in  a  vortical  {^lai\o  |\nniUol  to  the  guides  of  the  engine. 
Tho  top  pivt^t  should  Iv  vortioally  over  the  middle  of  the  bot- 
ton\  stud  Nvhon  tho  latter  is  in  its  nud|x\<iiion.  To  maintam  a 
tHM\stant  loncth  of  lovorsinn,  tho  lovor  nmsi  carrj'  a  fixed  stud 
(nj::,iUo^  at  tho  KMtot\i  atul  tho  luvi^ss^nry  K\st  motion  vertically 
\^iU  take  plaoo  ii\  a  Nlotti\l  plaio  oarrii\l  by  the  cross-head.  This 
:^tud  shoulvl  Iv  at  tho  top  of  tho  slot  on  Ivth  ends  of  the  stroke. 
Tholotutth  of  tho  lovor  is  th.o  o,isia!\oo  Ivtwtvn  the  centers  of  the 
pi^^>t  atul  stiul  at\xl  this  slu^uH  Iv  a:  loasi  L5  times  the  stroke. 

It  is  o\i»lont  that  if  tho  otv^n^  h.oavi  oarri^xi  a  stud  and  drove 
tho  lovxT.  tho  oontuvMvM^  thorvin  lvii^doltt\l.  the  radius  of  the 
lowr  \\\^\iKl  K^  NariaMo      Hxo  ■  "^^lk>n  shv^wn  is  inaccu- 
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rate  and  a  better  one  l^  shown  in  Fig.  32.     The  sector  compels 
the  cord  to  keep  always  in   the  mme  path. 

The  Brumbo  pulley  (Fig.  32)  Is  another  form  of  the  reducing 
lever  that  is  frequently  used  in  locomotive  test^.    The  rim  of  the 


Fig,  31a. 


V\u.  31. 


Fio.  32, 


wctor  Ls  grooval  to  receive  the  cord  that  connects  with  the 
indicAtor-drunu  The  lever  and  sector  have  a  common  pivot. 
The  fhiving-link  h  from  oneH]iiarter  to  one-half  of  the  length 
of  the  lever-arm.  The  latter  should  be  vertical  in  iiiidpo.sition 
and  the  dri\dng-pin  in  thi^  position  should  he  below  the  line 
of  motion  of  the  rrass-hcad  one-half  tlie  versine  of  one-half  the 
arc  of  oscillation  of  the  lever.  In  other  wortiB,  the  driving-stud 
in  midpf».sition  m  as  nmeh  below  the  line  of  motion  of  the  cross- 
heatl  in  mid  position  as  it  in  above  it  on  the  two  ends  of  the  stroke. 
Reducing- wheels.  —  Figs.  30  and  33  s^how  different  designs 
of  Teducing^wheels.  When  properly  made  and  handled  they 
give  accurate  results.  They  can  be  tester]  by  nio\ing  the  pis- 
ton inch  by  inch,  liein^  careful  to  take  up  all  lust  motirm  and 
measuring  the  eorrasponding  rotation  of  the  drum.  In  making 
calibrations  of  this  or  any  other  sort  the  student  should  be  care- 
ful to  see  that  the  practical  conrlitions  are  identical  \\ith  the 
,  test  conditions.    An  indicator  reducing  motion  was  calibrated 
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the  above  manner  and  gave  perfect  reduction  when  the  engine 
was  jacked  over,  but  gave  imperfect  results  when  the  engine 
was  woikiDg*    This  resulted  from  [\ituching  the  reducing  motion 


Fig.  Si, 

to  the  lower  guide,  which,  when  the  engine  was  under  full  load, 
was  ftvun<l  to  vibrate  enough  to  distort  the  card. 

Pantographs  theoretically  pve  a  perfect  rctluction.  Nuiner- 
om  joints  nm??t  be  avoided  1»  as  each  must  be  free  from  lost  motion. 

*'Fig.  34  shows  a  pantograph  device  at  midstroke.  This  is 
made  of  Imr  iron  nicely  riveted  together.  The  indicator-cord 
may  be  attached  at  b.  The  end  a  h  attached  to  a  pin  on  the 
crt>665-head,  Tlie  fixe*!  fulcrum  is  at  c.  a,  b,  and  c  must  always 
lie*  in  the  sanie  straight  line,  and  «d  and  bn  must  be  parallel 
and  equal  to  /y.  Also  a/^w/=stroke  of  piston -^ by  the  length 
of  the  indicator  diagram.''  * 

*  i^uot4!d   fmm   Pmcticsl  Imstruciioik   for  Using  St^&m-engiiiie  Indicfttor 
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"In  Fig,  35,  /  is  a  rod  moving  in  a  slide  parallel  to  the  pis- 
ton-rod. Link  bd  is  attaclied  to  /,  and  link  ae  to  the  cross-head. 
o,  fc,  and  c  must  always  lie  in  the  same  straight  line,  ae-^bd 
and  ec^<:4i=8troke  of  piston -^length  of  indicator  diagram/' 

In  Fig,  36,  a  and  b  are  fixed  ends  of  cord  TiTapped  around 


\€i^ 


a 


Fio.  35. 


Fig.  34, 


^ 


rii 


puUey  D.  Indicator-cord  is  attached  to  small  pulley  d  and 
passes  around  guide-pulley  e,  D  and  d  are  attachai  to  the  cross* 
head*  Diani.  J>4-diam.  d ^stroke  of  piston-^ by  the  diflference 
between  stroke  of  pL^ton  and  length  of  card."* 

'*The  most  satkfactory  dri\ing-rig  for  indicating  seems  to 
l>e  some  form  of  well-made  pantograph,  with  drivingH^ord  of 
fine  annealed  wire  leading  to  the  indicator.  The  reducing  motion, 
whatever  it  may  be,  anrl  the  connectioas  to  the  inrUcator,  should 
be  so  perfect  a^^  to  produce  <Uagranis  of  equal  lengths  when  the 
same  indicator  k  attached  to  either  end  of  the  cylinder,  and  pro- 
duce proportionate  reduction  of  the  motion  of  the  piston  at 
every  point  of  the  stroke,  a^  proved  by  test/'f 

Method  of  Taking  Indicator-diagrams- — 1 .  Before  attaching  an 
indicator  to  an  engine  be  sure  to  blow  steam  freely  through  the 
pipes  and  cock  to  remo\'e  any  grit  that  may  have  lodged  there, 

*  Fiuctictil  lti8truction  fi^r  Usin^  Steain^ngizie  Indicator,  Croaby,  pagie  32, 
f  See  Trans.  A.  S.  M*  E.    Standard  RuLea, 
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2.  If  the  indicator  has  been  unused  for  some  time,  or  if  it 
has  been  handled  by  others  so  that  its  condition  is  imknown, 
it  should  be  taken  apart  and  cleaned  with  gasoline.  "  An  occa- 
sional naphtha  bath  is  good  for  an  indicator,  as  it  thoroughly 
cleanses  every  part."  If  any  grit  or  other  obstruction  gets  into 
the  cylinder  it  will  seriously  affect  the  diagram  and  lead  to  bad 
results.  It  is  not  difficult  to  detect  such  trouble,  and  it  should 
be  remedied  at  once  by  taking  out  the  piston,  detaching  the 
I>arts,  and  cleaning  them  as  above  described. 

t  "It  is  essential  to  know  whether  the  indicator  is  in  good  con- 
dition for  use,  especially  to  know  that  the  piston  has  perfect 
freedom  of  motion  and  is  imobstructed  by  imdue  friction.  To 
test  this  successfully  detach  the  spring  and  afterwards  replace 
the  piston  and  piston-rod  in  their  usual  position,  then  holding 
the  indicator  in  an  upright  position  by  the  cylinder  in  the  left 
hand,  raise  the  pencil  arm  to  its  highest  point  with  the  right 
hand  and  let  it  drop;  it  should  freely  descend  to  its  lowest  point." 
The  piston  may  be  dented  or  burred  from  a  fall  or  the  upper 
part  of  the  cylinder-bore  may  be  dirty.  It  is  better  to  have 
the  piston  fit  rather  loosely  than  the  reverse.  t"No  diagrams 
should  be  accepted  in  which  there  is  any  appearance  of  want 
of  freedom  in  the  movement  of  the  meohanLsm.  A  ragged  or 
serrated  line  in  the  region  of  the  expam^ion  or  compression  line 
is  a  sure  indication  that  the  piston  or  some  part  of  the  mechanism 
sticks;  and  when  this  state  of  things  is  revealed,  the  indicator 
should  not  be  triLsted,  but  the  cause  should  be  ascertained  and 
a  suitable  remedy  apphed.  Entire  absence  of  wire-drawing  of 
the  steam  Hne,  and  especially  a  sliarj),  scjuare  corner  at  the  begin- 
ning of  the  steam  line,  should  be  looked  upon  with  suspicion, 
however  desirable  and  satisfactory  these  features  might  other- 
wise be.  These  are  frequently  produced  by  an  indicator  which  is 
defective  owing  to  want  of  freedom  in  the  mechanism.  An 
indicator  which  is  free  when  subjected  to  a  steady  steam  i)ressure, 
as  it  is  under  a  test  of  the  springs  under  ealii)ration,  should  be 
able  to  produce  the  same  horizontal  line,  or  sui)stantially  the 
same,  after  pushing  the  i)eneil  dt)\vn  with  the  tinixer,  as  that 
traced  after  pushing  the  pencil  up  and  subsequently  tapping 
fSee  Trans.  A.  8.  M.  E.     Standard  KuK-. 
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it  Ughtljr.  WTien  the  pencil  is  moved  by  the  finger,  first  up 
and  then  dovnif  the  piston  being  subjected  to  pressure^  the  move- 
ments slioulil  appear  smooth  to  the  sense  of  feelhig, 

f  ■  *  The  pi»int  selected  lor  attaching  the  indicator  to  the  cylinder 
should  never  be  the  th-ip-pipe  or  any  point  where  the  water  of 
condensation  will  run  into  the  instrument  if  this  can  possibly 
be  avoideil.  The  aihiiission  of  water  with  the  J^team  may  greatly 
distort  the  diagram.  If  it  becomes  necessary'  to  place  the  indi- 
cator in  such  a  position,  as  may  happen  when  it  is  attacheil  to 
the  lower  end  of  a  vertical  cylinder,  the  connection  to  the  indi- 
cator must  be  short  and  direct,  and  in  some  cases  it  should  be 
provided  with  a  drip-chamber  arranged  so  as  to  collect  the  water 
or  deflect  it  from  entering  the  instrument/* 

3.  Adjust  the  drum-cord  so  that  the  drum  rotates  freely  with- 
out knocking  at  either  end  of  its  stroke.  If  the  cord  is  too  short 
it  will  break  or  turn  the  indicator  in  its  coupling  if  the  latter 
is  set  up  too  tight.  Beginners  therefore  should  not  set  this 
coupUng  up  taut  before  attaching  the  cortL 

4.  Lubricate  the  inilicator-piston  with  ortlinary  cylinder  oil 
for  pressures  aboi^e  the  atmosphere, 

5.  Warm  up  the  indicator  by  admitting  steam  for  a  few 
seconds. 

6.  Shut  off  the  steam  by  means  of  the  cock  in  the  in- 
thcator-plug.  This  admits  air  to  the  bottom  of  the  iutUcator- 
piston. 

Bring  the  pencil  in  contact  iidth  the  paper  and  rotate  the 
cylinder.  This  gives  a  reference  line  for  pressures  called  the 
atmospheric  line*  Many  prefer  to  draw  this  line  after  taking 
the  card 

7.  Turn  the  steam  on  the  indicator,  press  the  pencil,  and 
take  one  or  more  cards. 

8.  Record  all  the  data. 
The  commercial  indicator-cards  have  forms  printed  on  one 

side  of  the  cards.  This  form  should  be  filled  out  and  in  addi- 
tion any  information  that  has  any  probabiUty  of  being  of  future 
value.    One  should  remember  that  questions  may  arise  other 
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than  those  of  present  interest.  It  is  much  better  to  have  too 
many  than  too  few  data  after  the  test  is  over. 

It  is  adx-isablc  to  make  notes  of  special  circumstances  such  as 
the  eml  of  the  cylinder  which  is  represented  by  the  card,  the 
siie  of  pipes  and  ports,  pressures  at  the  boiler  and  at  the  throttle, 
description  of  the  boiler  and  special  incidents  and  accidents. 
On  a  locomotive  diagram  note  the  speed  from  the  time  elap  ing 
in  passing  mile-posts,  the  position  of  the  link  and  throttle,  the 
character  and  number  and  weight  of  cars  drawn,  the  grade,  the 
sixe  and  position  of  the  blast  orifice,  character  of  the  coal  and 
quantity  burned,  amount  of  water  taken  on. 

In  marine  work  take  data  that  may  be  of  value  from  the 
ship's  log. 

Fig.  37  is  an  indicator-diagram  from  a  non-condensing  engine 
in  good  condition.    In  most  steam-engines  it  is  desirable  that 


Wk  ;?7. 


tho  cmnk-pin  rt^vv^lw  ,Ht  vu^ifonn  sjxwl.  We  shall  find  that 
ihis  iu\Hv<4ts^ios  a  vory  irrx^iruSar  uu^non  i>i  the  piston.  As  the 
Intior  Hppj>\soho<  iho  ouvl  of  tho  stn '  rs  down,  coming 

to  alxM^luto  rx\<i  ,hi  iho  ond  of  ii^  it  must  reverse 
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'"motion.  On  the  return  stroke  the  .speml  incrnases  to  a  point 
near  mid-stroke  ami  then  decreases  m  before.  The  card  shows 
that  tho  valve  commtmces  to  opt^n  for  steam  just  before  tha 
piston  finishes  the  preceding  stroke^  at  .4,  so  that  when  the  pis- 
ton is  actually  on  the  dead-center  and  iastantaneonsiy  at 
rest  the  valve  is  open — the  amount  is  called  lead — and  admit- 
ting steam.  The  pres.sure  against  the  piston  rises  rapidly  and 
remains  constant  aei  long  a^  the  opening  of  the  port  is  sufficient. 
When  the  piston  is  half-vvay  between  B  and  C  the  port  has  its 
maximum  opening  and  the  valve  starts  on  its  return  to  clo«e 
the  port.  With  a  diminishing  port  opening  for  steam-supply 
the  piston  is  now  moving  faster  than  it  did  in  the  earlier  part 
of  the  stroke.  This  combination  results  in  a  diminution  of  pres- 
sure in  the  cylinder,  ?>ince  an  increasing  difference  of  preH.sure 
is  necessary  to  give  an  increa,4ng  velocity  to  the  steam  that  is 
require  to  supply  an  increasing  volume.  It  is  evident  that 
BCD  change  curvature  at  C,  the  center  for  BC  being  below 
anil  that  for  CD  being  above  those  ciu'ves*  Tlie  actual  point 
of  cut-off\  Cj  or  piston  position  at  the  instant  of  ix>rt  closing,  is 
at  the  point  of  tangency  of  these  two  curves*  f'Tlus  cut-off 
may  be  located  by  finding  the  point  where  the  curve  is  tan* 
gent  to  a  hyperbolic  curve,** 

Inertia  of  Indicator  Pistons, — ^Put  a  card  on  the  drum  of  an 
inilicator  and  rotate  the  drum  uniformly.  There  being  no  steam 
on  the  indicator,  pull  the  piston  up  by  hand  and  let  it  drop  during 
the  unifonn  rotation  of  the  drum.  A  figure^  similar  to  Fig*  38^ 
will  be  made,  the  spring  causing  the  piston  to  viDrate  above 
and  below  its  proper  [X)sition  harmomcally,  i.e,,  in  unifonn  periods 
of  time.  The  amount  of  vibration  is  gradually  lessened  by  the 
internal  molecular  friction  in  the  spring  as  well  as  the  various 
external  resistances. 

The  movement  of  the  piston  of  an  engine  b  very  irreg^ilar, 
but  the  movement  of  the  crank  is  generally  unifomu  Equal 
distances  along  tlie  circle  of  the  crank-pin  then  measiu'c  equal 
periods  of  time,  If  the  crests  and  hollows  in  a  high-speed  engine 
card  be  projected   on    the    crank-eircle   it   will    Ije   found   that 
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they  occur  at  uniforai  arc  distance  apart.  This  shows  that  the 
sudden  impingement  of  the  steam  on  the  indicator  piston  pro- 
duces an  harmonic  vibration  similar  to  that  just  described. 
(Figp.  39  and  40  j 

All  canls  from  high-speed  engini^  should  show  some  ten- 
dency to  wave  as  it  is  a  natural  effect.  If  it  is  taken  out  by 
friction,  the  cards  are  surely  in  error.  At  the  same  time  a  large 
wave  motion  should  lie  avoided  by  using  heavier  springs.  Fig. 
42  was  taken  from  the  engine  giving  card.  Fig.  39,  at  the  siame 


\ 


Fio.  41. 


Fio.  42. 


Fig.  43. 


fipeed,  tne  oniy  difference  being  the  use  of  a  heavier  spring. 
In  slow-speed  engines,  the  vibration  spends  itself  in  the  adnais- 
eion  line  due  to  the  lessened  amount  of  the  blow  and  the  length 
of  time  required  to  make  the  admission  line.  Similarly,  there 
%vUI  bt*  less  vibration  if  the  compression  i.^  heavy,  as  the  blow 
at  a*lmission  is  lesiscned.     Figs.  41  and  43. 

Exercises*  Take  an  indicator  apart  and  examine  its  construction 
carefully.  Give  a  technical  description  of  the  indicator.  Describe 
gage  testers,  reducing  motions,  or  other  apparatus  in  your  laboratory, 
taking  particular  pains  to  express  yourself  clearly,  to  arrange  your 
ideas  sequentially,  and  to  use  technical  words  correctly. 


CHAPTER  III. 

CXJRVES  AND  THE  WORK  OF  EXPANSION. 

Methods  of  Drawing  the  Hyperbola  PV  =C  (Fig.  44).— The 
isothermal  curve  of  expansion  of  perfect  gases  and  the  curve 
of  expansion  of  steam  in  a  cylinder  is  assumed  to  follow  the  law 


Fig.  44. — Method  of  Drawing  an  Hyperbola. 

**The  product  of  the  absohitc  volume  and  the  absolute  pressure 
is  constant  for  any  stage  of  the  expansion."  To  draw  the  curve, 
the  absolute  pressure,  and  absolute  volume  at  one  stage  of  the 
expansion  (or  the  compression)  is  sufficient. 

First  Method.— From  any  point  C  draw  the  line  of  zero  volume 
CB  and  the  line  of  zero  pressure  CI).  Being  given  the  absolute 
pressure  CB  and  the  absolute  volume  Be  of  some  point  c  of  the 
curve  lay  them  off  and  determine  the  position  of  c.  Through  c 
draw  a  horizontal  Une  BA  and  a  vertical  line  cb  of  indefinite 
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length.  From  C  draw  radiating  lines  at  random,  cutting  the 
vertical  line  cb  and  the  horizontal  line  BA.  Through  the  points' 
of  intersection  draw  lines  paraUel  to  CD  and  CB  to  intersect  in 
points  e,  /,  g,  h,  and  a,  A  smooth  curve  drawn  through  these 
points  will  be  the  curve  required.  If  the  abscissa  and  ordinate 
for  any  one  of  these  points  are  knoi^vTi,  by  similar  triangles  it  is 
icasy  to  show  that  their  product  Ls  ecjual  to  the  product  of  the 
same  quantities  for  the  original  point  c.  If  it  is  desired  to  pro- 
duce the  hyberbola  from  a  upward  tlie  same  method  may  be 
€mployed^  but  the  line  BA  is  now  ba  and  the  line  cb  is  replaced 
by  aA, 

The  line  CB  is  called  the  clearance  line.  A  line  parallel  to  CB 
and  tangent  to  the  inilicator-card  at  the  extreme  left  mil  cut 
off  the  clearance  on  CD,  CD  is  also  called  the  perfect  vacuum 
line. 


\. 


\ 
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Fig.  45, — Method  of  Drawing  ai  Hyperbola, 

Seeond  Method  (see  Fig,  45).— It  is  well  known  if  a  rectan- 
gular hyperbola  and  its  asymptotes  are  given  that  if  a  straight 
fine  is  drawn  cutting  the  curve  in  two  places  anrl  both  asymp- 
totes the  distance  of  one  of  the  points  on  the  curve  from  one 
asymptote  b  equal  to  the  distance  of  the  other  point  on  the 
curve  from  the  other  asymptote.  Suppose  that  we  have  the 
asymptotes  CB  and  CD  and  any  point  a  o{  the  curve.  Through 
a  draw  several  radiating  lineir*  similar  to  a*abb\  Only  one  is  tlrawn 
to  avoid  confusion.     Lay  off  bb^  equal  to  oa';    b  in  each  wiU 
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be  a  point  of  the  curve.  Any  of  the  points  6  will  serve  as  a 
did  for  finding  other  points.  The  same  method  of  construction 
will  serve  on  the  compression  curve  FE. 

fThe  Point  of  Cut-off.— ''The  term  'cut-off'  as  applied  to 
steam-engines,  although  somewhat  indefinite,  is  usually  con- 
sidered to  be  at  an  earUer  point  in  the  stroke  than  the  beginmng 
of  the  real  expansion  line.  That  the  cut-off  may  be  defined  in 
exact  terms  for  commercial  purposes,  as  used  in  steam-engine 
specifications  and  contracts,  the  Committee  reconmiends  that, 
unless  otherwise  specified,  the  commercial  cut-off^  which  seems 
to  be  an  appropriate  expression  for  this  term,  be  ascertained 
as  follows:    Through   a  point   showing  the  maximum  pressiu^e 


Fuj.  4G,  ■  Kour-vjilvo  Kngine.      Slow-spoeil  Coiiunercial  Cut-cff  = -jr?. 

during  ailnxissiim  liraw  a  lino  parallel  to  the  atmospheric  line. 
Thnnigh  tho  pinnt  on  tho  expansion  line  near  the  actual  cut-off 
dnuY  a  hYjvrU^lie  ourve.  The  |H>int  wheie  tlx.-e  two  lines  inter- 
st\»t  is  to  Iv  eiMisidennl  the  co*Kf*urckil  cut-off  pi^int.  The  per- 
ctnitagi"  is  then  fvmnd  l\v  vlivivliu^  the  lenirth  of  the  diagram 
measunnl  to  this  jnunt  by  the  total  leuvrrh  of  the  ^^iiagram  and 
multiplying  the  tvsult  by  UX\*' 

**n\o  prineiple  involvixl  in  Kvating  the  commercial  cut-off 
is  sliown  in  Hgs.  40  atul  17,  the  tirsi  of  wtuoli  represents  a  dia- 
gmm  frvnn  a  Jony-^jhwI  CvtUs.^  er.cir.e.  a!\  i  the  s^vond  a  dia- 
gr54m  frvMU  a  siugU^valve  !\ii:!.-si\\\i  eiicir.o.  1-  ::.o  latter  case 
when\  owing  to  tho  tUng  of  the  ^vtuil.  the  su\i:.\  'ir.e  \ibrates. 
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the  maximuin  pressure  is  found  by  taking  a  mean  of  the  vibra- 
tions of  the  highest  point/" 

The  commercial  cut-off,  B,  as  thus  detemiineti  is  situated  at  an 
r  earlier  point  of  the  stroke  than  the  actuat  cut-off j  D,  referred  to. 

Fig,  37,  St^am  being  elastic  entirely  fills  an  increasing  volume, 
but  its  pressure  dhtdnishes,  as  is  eeen  by  the  decreasing  ordinatea 
of  the  expansion  curve  CD.  We  have  ab-eady  seen  that  it  is 
necessary  to  reject  the  steam  during  the  return-stroke*  At  the 
point  D,  where  there  is  another  change  in  the  curvature,  the 
exliaust-valve  opens  and  the  prassure  rapidly  falls  as  the  pi^ 
ton  moves  to  the  end  of  the  stroke  at  E.  The  piston  now  returna 
and  the  steam  is  forced  out  by  the  piston  sweeping  it  out.  As  the 
resistance  is  constant  the  back-pressure  line  is  parallel  to  the  at* 

£  5 
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mospheric  line  XY.  If  the  exhaust-pm^sages  had  been  short  and 
ample  the  line  EF  w^ould  have  practically  coincided  mih  XY, 
We  have  seen  how  the  atmof^pheric  line  was  drawn.  But 
pressures  measured  from  it  are  not  absolute  pressures,  as  we 
well  know  that  the  atmospheric  pressure  is  some  14.7  pounds 
per  square  inch  above  zero  pressure*  The  steam-gages  used  on 
boUers  indicate  not  the  steam-pressore  in  the  boiler  but  the  burst- 
ing pressure,  which  is  the  difTerence  between  the  8team-pr&^sare 
inside  and  the  atmospheric  pressure  outside.  Hence,  to  obtain 
the  absolute  or  true  pressure  above  zero  we  must  add  the  atmos- 
pheric pressure  to  all  pressures  that  are  measured  above  the 
atmosphere.  The  barometer  givei^  this  pressure  in  inches  of 
mercury  that  can  be  converted  into  pounds  per  square  inch  by 
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14.7 
multipljdng  by -«7r-=  0.491.    In  all  localities  near  the  sea-levei 

fiufficient  accuracy  is  attained  by  using  14.7  pounds  per  square 
inch  as  the  atmospheric  pressure. 

Parallel  to  XF  (Fig.  37)  and  at  a  distance  below  it  equal  to 
14.7  pounds  to  the  scale  of  pressures  of  the  indicator-card,  draw 
a  line  HK,  The  ordinates  of  any  point  of  the  card  measured 
to  this  Hne  give  the  absolute  pressure  in  the  cylinder.  At  C 
then  the  pressure  in  the  cylinder  is  CL. 

Clearance. — Place  the  piston  at  the  end  of  its  stroke,  then 
the  space  between  the  adjoining  faces  of  the  cylinder-head  and 
the  piston,  including  the  volumes  that  lead  into  this  space  (such 
as  ports  up  to  the  valve-face,  drip-pipes,  indicator-pipes,  water- 
relief  pipes),  is  called  clearance.  In  well-designed  engines  of 
large  size  it  is  from  3  to  5  per  cent  of  the  volume  swept 
through  by  the  piston,  in  plain  slide-valve  engines  the  percentage 
varies  from  7  to  15  per  cent,  in  piston-valve  engines  it  varies 
from  12  to  25  per  cent. 

Method  of  Drawing  Clearance-line.  —  One  writer  has  pro- 
posed the  name  cylindrus  for  the  volume  swept  through  by  the 
piston.  This  is  the  volume  shown  by  the  indicator-card,  since 
any  part  of  the  stroke  passed  over  by  the  piston  becomes  volume 
when  multiplied  by  the  area  of  the  piston.  If  the  clearance 
volume  at  each  end  is  5%  of  the  cyUndrus  we  obtain,  on  dividing 
the  clearance  by  the  area  of  the  piston,  a  linear  distance  that 
is  5%  of  the  stroke.  This  distance  may  be  added  to  the  proper 
end  of  the  atmospheric  line  when  the  length  of  that  line  orig- 
inally represented  the  length  of  the  stroke.  In  Fig.  37  lay 
off  Ail/ =5%  of  AT.  Then  the  absolute  volume  of  the  steam 
at  any  point  L  is  NL  and  its  absolute  pressure  is  CL. 

t  Ratio  of  Expansion. — The  ratio  of  expansion  for  a  simple 
onpino  is  dotorininoil  by  dividing  the  volume  corresponding  to 
the  piston  displacement,  including  clearance,  by  the  volume 
of  the  steam  at  the  cowwcrcial  cut-off,  including  clearance. 

t  For  example,  in  a  simple  engine,  referring  to  Figs. 46  arid  47, 
the  ratio  of  expansion  is  the  entire  distance  HF,  including  clear- 
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ance,  divided  by  the  distance  EB,  including  clearance;  that  is 

\HF 
EB' 

Indicated  Horse-power,— In  finding  the  indicated  horBe-power 
(see  page  31),  we  assumed  the  mean  effective  pressure.  This 
quantity  may  be  found  if  we  have  a  correct  average  card  or 
from  the  average  of  a  number  of  cards.  Suppose  Fig.  37  h  such 
a  card.     With  a  triangle  erect  perpendiculars  HE  and  KB  tan- 

fgent  to  the  extremities  of  the  card.  At  H  lay  off  HJ^  making 
any  angle  with  HK.  Assume  any  distance  HI  and  lay  it  off 
ten  times  to  some  point  J.  Join  J  and  K.  Draw  IP  parallel  to 
Jiv ,  Bisect  IIP  at  a.  Lay  off  HP  ten  times  from  a  ami  through 
the  points  so  found  draw  the  dotted  ordinatea  as  shown.  These 
ordinates  are  the  me^n  ordinates  of  a  series  of  consecutive  trape- 
zoids. On  a  long  slip  of  paper  lay  off  these  ordinates  consecu- 
tively. Measure  the  total  length  and  divide  by  the  number  of 
ordinate  and  thus  obtain  the  length  of  the  mean  ordinate.    This 

Linean  length  multiplied  by  the  scale  of  the  spring  used  in  the 
indicator  when  the  card  was  taken  giv^  the  mean  pressure. 

The  mean  gross  forward  pressure  is  the  mean  ordinate  of 
HEDCBK.  The  mean  back  pressure  is  the  mean  ordinate  of 
HEABK,  The  mean  effective  pressure  is  the  difference  of  the 
two  preceding  pressures, 

t"The  indkaied  horse-power  should  be  determined  from  the 
average  mean  effective  pressure  of  the  diagrams  taken  at  intervals 
of  twenty  minutes,  and  at  more  frecjuent  intervals  if  the  nature 
of  the  test  makes  this  necessary,  for  each  end  of  each  cylinder* 
^Ith  variable  loads,  such  as  those  of  engines  driving  generators 
for  electric  railroad  work,  and  of  rubber  grinding-  and  rolling- 
miU  engines,  the  diagranis  cannot  be  taken  too  often.  In  cas^ 
like  the  latter^  one  method  of  obtaining  suitable  averages  is  to 
take  a  series  of  diagrams  on  the  same  blank  card  without  unhook- 
ing the  driving-cord^  and  apply  the  pencil  at  successive  intervals 
of  ten  seconds  until  two  minutes'  time  or  more  has  elapsed,  thereby 
obtaining  a  dozen  or  more  indications  in  the  time  covered.  This 
tenrb  to  insure  the  determination  of  a  fair  average  for  that  period. 
In  taking  diagrams  for  variable  loads,  as  indeed  for  any  load, 

t  See  Trana,  A.  S.  M.  E.     Slandtitd  Hule^, 
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the  pencil  should  be  applied  long  enough  to  cover  several  suc- 
cessive revolutions,  so  that  the  variations  produced  by  the  action 
of  the  governor  may  be  properly  recorded.  To  determine  whether 
the  governor  is  subject  to  what  is  called  'racing'  or  'hunting' 
a  'variation  diagram  '  should  be  obtained;  that  is,  one  in  which 
the  pencil  is  applied  a  sufficient  time  to  cover  a  complete  cycle 
of  variations.  When  the  governor  is  found  to  be  working  in 
this  manner,  the  defect  should  be  remedied  before  proceeding 
with  the  test." 

Testing  Indicator-springs. — "  To  make  a  perfectly  satisfac- 
tory comparison  of  indicator-springs  with  standards,  the  calibra- 
tion should  be  made,  if  this  were  practical,  under  the    same 


Flu.  48. — Indicator-spring  Testing  Apparatus. 

conditions  as  those  pertaining  to  their  ordinary  use.  Owing  to 
the  fact  that  the  pressure  of  the  steam  in  the  indicator-cylinder 
and  the  corresponding  temperature  are  undergoing  continual 
changes,  it  becomes  almost  impossible  to  compare  the  springs 
with  any  standard  under  such  conditions.  There  must  be  a  con- 
stant pressure  during  the  b*  ^  is  being 
made. 
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"  The  apparatus  used  for  testing  intlicators  at  ordinary 
pressures  above  the  atmosphere  is  shown  in  Fig.  48.  The  indi- 
cator is  placed  at  A  on  top  of  the  cyUnder  B.  The  cylinder  B 
is  made  of  a  piece  of  6-inch  standard  pipe  about  2  feet  long. 
The  pressure  is  measured  by  means  of  a  pi ug-and- weight  device,  C^ 
which  is  spun  around  so  as  to  eliminate  the  effect  of  friction. 
The  bottom  of  the  plug  is  at  the  same  level  as  the  pipe  D,  The 
l"-^shapeil  pipe  E  is  filled  with  oil.  Before  starting  to  calibrate 
the  indicator,  the  pet-cock  F  is  opened  slightly  in  order  to  allow 
any  air  in  the  pipe  G  and  the  siphon  //  to  escape.  The  siphon  H 
is  surrounded  by  water  contained  in  the  vessel  /,  which  condenses 
the  steam  which  enters  it  tiirough  the  pipe  D,  so  that  when  all 
the  air  present  is  allowed  to  escape  through  the  pet-cock  F,  the 
pipe  G  and  the  siphon  H  vnll  be  filled  with  water.  J  is  a  pet-cock 
for  femo\ing  any  water  that  n^ay  collect  at  the  bottom  of  the 
siphon  E  after  the  apparatus  has  been  in  use  for  a  long  time. 
The  pressure  is  adjusted  by  regulating  the  amount  of  opening 
of  the  valve  A'  in  the  supply-pipe  L^  which  furnishes  steam,  water, 
or  compressed  air  to  the  apparatus^  and  al.so  by  adjusting  tlie 
vaJve  3/  in  the  escape-pifje  N.  0  is  a  valve  for  removing  any 
water  which  may  collect  in  the  bottom  of  the  cylinder  B  when 
steam  is  UM?d,  and  for  draining  out  the  water  after  calibrating 
under  hydrostatic  pressure.  The  pan  of  the  plug-and-weight 
device  C  is  limited  in  its  movem^ent  by  means  of  a  fork  which 
comes  in  contact  with  it  only  when  the  pan  is  in  the  extreme 
positions.  The  two  prongs  of  this  fork  are  shown  in  section  at 
P  and  Q.  R  is  a  gage  for  showing  the  approximate  pressure. 
The  readings  of  the  gage  R  are  not  used  in  testing  the  intlicator^ 
but  as  a  general  guide  in  the  use  of  the  apparatus.  The  diam- 
eter of  the  plu|3:  in  the  plug-and-weight  device  m  0.5"  antl  the 
hole  in  the  bushing  is  0,505''.  Both  the  plug  and  biishing  are 
ground  true.  The  average  area  of  the  plug  and  of  the  hole  in 
the  biL*«hing  is  used  in  calculating  the  weight  required  for  a  given 
pressure* 

"In  testing  indicators  with  steam-pressure,  the  steam  is 
brought  to  the  maxinmm  pressure  to  which  the  indicator  is  to 
he  subjected:  the  indicator-cock  is  then  opened  and  closed 
quickly  a  number  of  times  to  heat  the  indicator.    The  s 
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is  then  released  from  the  cylinder  B,  and  the  atmospheric  line 
is  taken  after  turning  the  indicator-cock  to  the  proper  position. 
In  taking  the  atmospheric  line,  as  well  as  the  lines  for  any  other 
pressure,  the  pointer  of  the  indicator  is  first  pressed  upward, 
and  then  released  and  a  line  taken,  then  pressed  downward  and 
released  and  a  fine  taken,  the  indicator  being  rapped  sharply 
with  a  small  wooden  stick  before  taking  each  line,  as  has  already 
been  explained.  After  taking  the  atmospheric  line,  steam  is 
admitted  through  the  valve  /C,  until  the  pan-and-weight  device 
is  balanced  while  being  rotated.  This  requires  a  very  fine  adjust- 
ment, and  the  Une  is  not  taken  until  there  is  no  tendency  for 
the  plug-and-weight  device  either  to  rise  or  fall."* 

t  "We  recommend,  therefore,  that  for  each  required  pressure 
the  first  step  be  to  open  and  close  the  indicator-cock  a  number 
of  times  in  quick  succession,  then  to  quickly  draw  the  line  on 
the  paper  for  the  desired  record,  observing  the  gage  or  other 
standard  at  the  instant  when  the  line  is  drawn.  A  corresponding 
atmospheric  line  is  taken  immediately  after  obtaining  the  line 
at  the  given  pressure,  so  as  to  eliminate  any  difference  in  the 
temperature  of  the  parts  of  the  indicator.  This  appears  to  be 
a  better  method  (although  less  readily  carried  on  and  requiring 
more  care)  than  the  one  heretofore  more  commonly  used,  where 
the  indicator-cock  is  kept  continually  open,  and  the  pressure  is 
gradually  rising  or  falling  through  the  range  of  comparison. 

"The  calibration  should  be  made  for  at  least  five  points, 
two  of  these  being  for  the  pressures  corresponding  as  near  as 
may  be  to  the  initial  and  back  pressures,  and  three  for  inter- 
mediate points  equally  distant. 

''  For  pressures  above  the  atmosphere,  the  proper  standard 
recommended  is  the  dead-weight  testing  apparatus,  or  a  relia- 
ble mercury  column,  or  an  accurate  steam-gage  proved  correct, 
or  of  known  error,  by  either  of  these  standards.  For  pressures 
below  the  atmosphere  the  best  standard  to  use  is  a  mercury 
column. 

'^The  correct  scale  of  spring  to  be  used  for  working  out  the 
mean  effective  pressure  of  the  diagrams  should  be  the  average 

*  Jacobus,  "  Testing  Indicators,"  Trans.  A.  S.  ^'   ~~    "  '  ~'X. 
t  See  Trans.  A.  S.  M.  E.     Standard  P- 
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fH  the  calibration,  and  this  may  be  ascertained  in  the 
manner  pointed  out  below, 

''  When  the  scale  of  the  spring  detemiined  by  caHbration  is 
bund  to  vary  from  the  nominal  seale  mth  substantial  uni- 
formity»  it  is  usually  sufficiently  accurate  to  take  the  arithmetical 
mean  of  the  scales  found  at  the  tiifferent  pressures  tried.  When, 
however,  the  scale  varies  coasiderably  at  the  different  points, 
and  absolute  accuracy  is  tlc^irerl,  the  method  to  be  pursueil  is 
follows:  Select  a  sample  diagram  ami  ilivide  it  into  a  num- 
ir  of  parts  by  means  of  lines  parallel  to  the  atmospheric  line, 
the  number  of  thei^e  lines  being  equal  to  and  corresponding  with 
the  number  of  points  at  which  the  calibration  of  the  spring  is 
niatle.  Take  the  mean  scale  of  the  spring  for  each  di\asion  and 
multiply  it  by  the  area  of  the  diagram  enclosed  between  two 
contiguous  lines.  Add  all  the  products  together  and  divide  by 
iie  area  of  the  whole  diagram;  the  result  will  be  the  average 
ale  of  the  spring  to  be  used-  If  the  sample  diagram  selected 
is  a  fair  representative  of  the  entire  set  of  diagrams  taken  during 
the  test,  this  average  scale  can  be  applied  to  the  whole.  If  not^ 
a  sufficient  nunjber  of  sample  diagrams  representing  the  various 
conditions  can  be  selected,  and  tlie  average  scale  determined 
by  a  similar  method  for  each,  and  thereby  the  average  for  the 
wiiole  run." 

Isothermal  Eicpansion  (Fig.  49),  — We  may  suppose  that 
e  walls  allow  heat  Ui  pass  through  them  and  that  we  have  a 
urce  of  heat  so  arranged  that  the  temperature  of  tlie  gas  is 
not  allowed  to  fall  Iiut  is  kept  constant  during  the  expansion* 
The  law  of  isothermal  expansion  is  PiVi=P2V2  =  P^l\  =  PV 
or  PV=C.  Note  carefully  that  when  a  subscript  is  used  the 
quantity  to  which  it  is  addetl  is  no  longer  variable,  for  it  denotes^ 
a  fixed  value  for  that  proliiem.  /*i  is  the  admission  pressure 
thif^  discussion  and  could  not  be  used  for  any  value  of  the 
re  during  the  expansion.  On  the  contrary,  take  any  point 
e  expansiun  curve,  the  ordinate  at  that  point  measures  P 
and  the  al:>scissa  measures  its  volume,  V.  Hence  PiVi  and  P2V2 
e  8ix»cific  values  of  the  general  formula  PV,  As  the  area  of 
e  piston  is  a  common  multiplier  to  all  parts  of  the  stroke,  it 
evident  that  if  we  take  an  Infimte^simal  part  of  the  stroke  it 
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becomes  an  infinitesimal  part  of  the  volume  when  multiplied 
by  the  area  of  the  piston.    It  may  be  called  dV  and  when  mul- 
tipUed  by  P  it  becomes  work.    It  could  be  written   (PA)dL, 
where  PA  is  equal  to  the  total  pressure  and  dL  is  in  feet. 
The  work  done  during  admission  is  PiVi.    The  work  done 

during  expansion  is  /  PdV. 

But  P  varies  with  F,  and  to  integrate  we  must  have  but  one 


Hi   A 


Fig.  49. 

variable  and  that  must  be  V.    The  variable  P  must  therefore 
be  expressed  in  terms  of  the  variable  F. 

But  PlFl=PT^  therefore  P  =  -^>-. 

Substitute  this  vahie  of  P  and  we  obtain  for  the  area  BCDE 
under  the  expansion  curve 

=  PiFi(log.F,-  log.r. 
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As  r  is  the  ratio  of  the  final  absolute  volume  to  the  initial  ab- 
solute volunie  of  the  gas  it  is  called  the  ratio  of  expansion. 

Log,  r  is  an  abstract  quantity  and  the  expression  PiVi  log^r 
shows  that  the  work  done  during  exjxiry^wn  is  (log.  r)  times  the 
work  of  admission.    The   subscript   e  denotes   that    a  table  of 
Naperian  or  hyperbolic  logarithms  must  be  used   (Table  II)* 
i  The  total  gross  forward  work^  HABCDG^  is  then 


PiFi  +P1F1  log-  r  =Pi7i  (1  +log,  r). 


The  mean  gross  forward  pressure  would  be  found  by  dividing 

by  V2, 

f.yxd+lop.r)     P,(H-log,r) 


W 


V2 


=  Pw 


The  quantity  that  is  actually  desired  is  the  mean  pressure 
of  the  diagram  ABCRLMA,  which  would  be  the  mean  pressure 
of  the  theoretical  indicator-card. 

Let  Vc=GFj  the  volume  of  the  clearance  (when  multipUed  by 
A,  the  area  of  the  piston); 
1*3=  CAT,  the  volume  of  steam  enclosed  in  the  cylinder 
when  the  exhaust- valve  closed  j 

^=rtf  =ratio  of  compression; 

Pf^MFt  the  pressure  that  the  compres^on  steam  would 

have  if  compre^ssed  into  the  clearance  volume; 
ML  be  an  isothermal  curve  or  follow  the  law  PK=C. 

Tlierefore  PzV^rPcV^ 

and 

area  MLKF^P^V^  log,  ^  =  P.n log-  ^=  -P.F,  log, ^. 

Evidently 

HAFG^PiV,, 

FMLK=P,V,  log.^^FaFa  log. r,, 

LRDK=PdV2-V^)l 
jUBCRLMA=PiVi(l+los,r)^PiVc-PtiV^log.  fc-PatFa-Fa.) 
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rru  f^    r       ^  A  ABCRLMA     _ 

Ihe  mean  effective  forward  pressure  =  — jy — fT —  =  ^m^' 

Theoretically,  these  formulas  apply  only  to  the  isothermal 
expansion  of  perfect  gases.  Practically,  they  are  used  for  the 
expansion  of  steam  in  the  steam-engine.  The  temperature  of 
the  steam  falls  during  expansion,  but,  owing  to  the  re-evapora- 
tion of  condensed  steam,  the  actual  expansion  curve  as  shown 
by  the  indicator  follows  the  law  PV  ==C. 

The  area  of  a  piston  is  1000  square  inches;  the  stroke  is 
38  inches;  clearance  2  inches;  cut-off  is  6  inches  from  the  begin- 
nmg  of  the  stroke;  initial  pressure  is  75  pounds  gage;  the  back 
pressure  is  16  pomids  absolute;  the  exhaust  closes  4  inches  from 
the  end  of  the  stroke;  the  engine  is  double-acting,  making  100 
revolutions  per  minute.  Draw  the  card,  find  the  P^^  and  the 
theoretical  I.H.P.,  taking  clearance  into  consideration. 

Initial  pressure  absolute,  754-15=90. 

38  +  2     ^ 
^=6T2-=^- 

FM  =  (ii?)l6=48. 

Total  area  HBCDG^PiVi(l  +log.  r). 

90X1000XT\(1+I()g.r)  = 
90X1000X  3(1 +  1.6)  =156,000. 

i7^F(?=90xl000xA  =15,000 

LKDA'  =  16xl000x  n  =45,;«3 

JV/LiCF  =  48Xl000XMog.^  =  8,800 

09,133 

69,LS3 

86,S67  ft  .-lbs. 
At  100  revolutions  per  minute  the  wok  would  b? 

86,867X200=  vl7,373,400   or    -33  J)q,)—  =  •'>■-'«  I  H.P. 

86  867 
^'"'^iOf^xTC^'^  pounds  per  square  inch. 
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Ex,  19-  Air  at  a  constant  pressure  of  60  pounds  per  square  ineh 
absolute  is  admitted  into  a  cylinder,  without  eJearance,  till  the  piston 
sweeps  through  3  oubic  feet.  The  air  is  then  cut  off  and  the  piston 
sweeps  through  9  more  cubic  feet,  the  temperature  remaining  con- 
stantly at  100°  F.  On  the  return  stroke,  the  air  is  exhausted  at  15 
pounds  per  square  inch  absolute.  Find  the  gross  and  net  work  per 
stroke,  Pm  and  Fmr*  and  the  pounds  of  air  required  per  stroke*  Draw 
the  card.    How  many  B,T,U,  were  added  during  expansion? 

Ex.  20.  Air  is  drawn  into  an  air-compressor  at  14  pounds  per 
square  inch  absolute  and  70°  F.  It  is  eompressetl  till  the  pressure 
IB  42  pounds  absolute  and  the  volume  is  60  cubic  feet ;  valves  then 
oj^en  and  the  air  is  fort-ed  out  at  that  constant  pressure.  If  the  com- 
pression were  isothermal,  find  the  net  work  per  stroke,  Fm  and  Pmet 
and  the  weight  of  drj^  air  compressed.     Draw  the  card. 

Ex,  2 1 .  The  area  of  a  piston  is  4  square  feet  and  its  stroke  is  2 
feet.  Steam  ut  GO  pounds  per  square  inch  absolute  Ls  admitted  to 
the  cylinder  till  the  piston  moves  8  inches  from  the  beginning  of  its 
stroke  when  the  steam  is  cut  off.  If  the  steam  expand  in  accordance 
to  the  law  FV  =  &,  and  the  back  pressure  on  the  return  stroke  is 
15  pounds  absolute,  find  the  gross  and  the  net  forward  work  per 
etrnke,  Pfn  and  P„i*.     Draw  the  card.     No  clearance. 

Ex.  22,  Steam  at  75  pounds  gage  (90  pounds  absolute)  ia  admitted 
to  a  cylinder  20"X24"  (20  inches  diameter  and  24  inch^  stroke). 
Cut -f iff  at  1/4  stroke.  Back  pressure  15  pountls  absolute  or  0  gage^ 
p reassure.  The  engine  is  double-acting ,  making  90  revolutions  per 
minute r  no  clearance.  Draw  the  card.  Find  the  Fm  and  Fm^  and 
the  I.H.P, 

Ex*  23,  In  a  cylinder  with  clearance  when  the  piston  is  on  the 
reUim  stroke,  the  back  pressure  of  the  steam  in  the  cylinder  is  15 
povuids  absolute  when  the  exhaust-valve  closes  and  the  volume  is 
3  cubic  feet.  At  the  end  of  the  stroke  the  clearance  vthiume  b  1 
cubic  foot.  Draw  the  recompression  curve  and  find  the  work  of 
compression  in  foot-pounds. 

Ex.  24.  Take  the  same  data  as  in  Ex,  22,  but  cut-off  at  1/9  stroke, 
and  lind  the  same  quantities. 


Diagram  Factor,  ^'* The  diagram  factor  is  the  proportion 
bf>me  by  the  actual  mean  effective  pressure  measured  from  the 
indif^tor-diagram  to  that  of  a  diagram  in  which  the  various 
operations  of  admissionj  expansion,  release,  antl  compression  are 
carried  on  under  assumed  conditions.    Tlie  factor  recommended 
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refers  to  an  ideal  diagram  which  represents  the  maximum  power 
obtainable  from  the  steam  accounted  for  by  the  indicator-dia- 
grams at  the  point  of  cut-ofif,  assuming  first  that  the  engine  has 
no  clearance;  second,  that  there  are  no  losses  throu^  wire- 
drawing the  steam  either  during  the  admission  or  the  release; 
third,  that  the  expansion  Une  is  a  hyperboUc  curve;  and  fourth, 
that  the  initial  pressure  is  that  of  the  boiler  and  the  back  pressing 
that  of  the  atmosphere  for  a  non-condensing  engine,  and  of  the 
condenser  for  a  condensing  engine. 

"The  diagram  factor  is  useful  for  comparing  the  steam  dis- 
tribution losses  in  different  engines,  and  is  of  special  use  to  the 
engine  designer,  for  by  multiplying  the  mean  effective  pressure 
obtained  from  the  assumed  theoretical  diagrams  by  it  he  will 
obtain  the  actual  mean  effective  pressure  that  should  be  developed 
in  an  engine  of  the  type  considered.  The  expansion  and  com- 
pression curves  are  taken  as  hyperbolas,  because  such  curves 
are  ordinarily  used  by  engine-builders  in  their  work,  and  a  dia- 
gram based  on  such  curves  will  be  more  useful  to  them  than 
one  whei'e  curves  are  constructed  according  to  a  more  exact  law. 

"  In  cases  where  there  is  a  considerable  loss  of  pressure  between 
the  boiler  and  the  engine,  as  where  steam  is  transmitted  from 
a  central  plant  to  a  number  of  consumers,  the  pressure  of  the  steam 
in  the  supply  main  should  be  used  in  place  of  the  boiler  pressure 
in  constructing  the  diagrams. 

"  The  method  of  determining  the  diagram  factor  is  best  shown 
by  referring  to  Fig8^|50,  51,  52,  which  apply  to  a  simple  non- 
condensing  engine  and  a  simple  condensing  engine. 

In  Fig.  50,  RS  represents  the  volume  of  steam  at  boiler 
pressure  admitted  to  the  cylinder,  PR  and  OS  being  hyperbolic 
curves  drawn  through  the  compression  and  cut-off  points  re- 
spectively. In  Fig.  51,  the  factor  is  the  proportion  borne  by 
the  area  of  the  actual  diagram  to  that  of  the  diagram  CNHSK, 
In  "Fig.  52,  the  factor  is  the  proportion  borne  to  the  area  of  the 
diagram  CNHSK.  In  Fig.  51,  where  the  diagram  is  the  same 
as  in  Fig.  50,  the  distance  CN  is  laid  off  equal  to  RS  shown 
in  Fig.  50,  and  the  curv^e  NH  is  a  hyperbola  referred  to  the 
zero  lines  CM  and  MJ.     In  Fig.  52,   th^  ""V  is  found 

in  a  similar  way. 
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ARC 


Fio.  50. 


Soiler  Pressure 


CjL ^N 


CyiM  equal  to  275  in  Fig.  31a. 


I 


^  Atmos.  Line 

^  Line  of  Zero  Presture 
Fio.  51. 
Boiler  Pressure 


X'' Boiler  P 


CyiB  determined  in  the  same  way 
asJ^iSrinFlK.Sla. 


Line  of  Condenser  Pressure 

Fig.  52. 
Diagram  Factor. 


Line  of  Zero  Preuun 
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Elimination  of  Clearance  Steam. — RS  or  CN  measures  the 
net  steam  that  passes  through  the  cycle.  We  shall  find  that  an 
entropy  diagram  measures  the  heat  added;  that  is,  the  heat  of 
formation  of  the  admission  steam  measured  above  its  proper 
feed-water  temperature.  It  is  then  necessary  to  eliminate  the 
clearance  steam  from  the  diagram.  Figs.  51  and  52  show  how 
this  is  done. 

It  is  important  to  note  that  the  diagram  factor  is  based  on  an 
ideal  diagram  the  back-pressure  line  of  which  is  neither  the  zero 
line  nor  the  expected  back-pressure  line,  but  an  ideal  Une  of  back 
pressure.  The  ideal  back-pressure  line  for  a  condensing  engine  is 
the  assumed  pressure  in  the  condenser  and  in  a  non-condensing 
engine  it  is  the  atmospheric  pressure.  Compressing  the  steam  to 
boiler  pressure  is  in  efifect  avoiding  the  complication  of  consider- 
ing clearance.  Note  further  that  the  pressure  during  admission 
is  the  boiler  pressure  and  hence  the  eflSciency  of  the  pipe  line  is 
included  n  the  diagram  factor.  If  the  line  loss  is  very  great  the 
steam  pressure  at  the  throttle  may  be  used,  but  that  fact  should 
be  specially  noted.  Hence  in  choosing  a  diagram  factor  or  in 
finding  it  practically  for  a  definite  case,  it  is  essential  that  these 
elements  be  properly  applied. 


CHAPTER  IV, 


ZEUNER  AND  BILGRAM  VALVE-DIAGRiVMS  AND  DESIGN 
OF  PLAIN  SLIDE-VALVES. 

P  The  Throw  of  Cranks  and  Eccentrics  (Figs*    53    and    54 j. — 

The  throw  or  radius  of  a  crank  Is  the  distance  from  the  center 
of  the  crank-pin  to  the  center  of  its  shaft  or  the  distance  R  in 
Fig.  53,  As  it  is  e\'ident  from  the  definition  that  the  length 
of  the  crank-pin  radius  does  not  affect  tlie  crank  throw,  a  modi- 

tform  of  the  crank  may  be  obtained  by  increasing  the  radius 


"^J^ 


Fig.  53. 


Fm.  51 


of  the  crank-pin  till  its  periphery  extends  beyond  the  shaft  as 
in  Fig.  54, 

This  form  of  crank  is  called  an  eccentric. 
Its  throw  or  eccentricity  is  the  distance  from  the  center  of 
the  shaft  to  the  center  of  the  eccentric  or  the  distance  SP  in 
Fig.  54, 

The  eccentricity  or  throw  of  an  eccentric  is  improperly  calle<i 

the  radius  of  the  eccentric.    The  radius  of  the  eccentric  circle  as 

shown  above  does  not  affect  the  properties  of  the  eccentric  as 

occeritric.  ^ 

*e  travel  of  a  valve  in  one  direction  is  twice  the  throw 

eccentric  (unless  modified  by  lever-arms),  nz*,  2SP^AB. 

m 
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Piston  Travel  with  a  Finite  Connecting-rod  (Fig.  55). 
Let  72  =0D=  crank  throw; 

L  =  Dd  =  connecting-rod  length; 
ab  =  travel  of  cross-head; 
then  with  centers  a  and  d,  draw  the  arcs  CAC  and  Dy,  using  the 
length  of  the  connecting-rod  as  a  radius  to  the  same  scale  that 
ilO=crank  throw.  It  is  evident  that  ad  =  CD  =  Ay  =  the  travel 
of  the  cross-head  ==  piston  travel  for  a  crank  rotation  of  0  d^rees 
from  OA. 


CO 


^VaV^ 


1.— joi: 


-a\^€ 


Fig.  55. 

Drop  the  perpendicular  D/;  then,  from  the  figure,  we  see 
that  the  piston  travel  for  a  finite  connecting-rod  is  equal  to 

fg-\-jA  =  L  -L  cos  a  +  72 -72  cos  ^  -L(l  -cos  a)  +72(1  -cos  0). 

Piston  Travel  with  an  Infinite  Connecting-rod. — As  the  cen- 
ter dy  Fig.  55,  is  moved  to  the  left  by  the  use  of  longer  rods,  the 
curve  Dg  approaches  closer  to  Df  and  when  d  is  at  an  infinite 
distance  the  arc  becomes  the  straight  line  D/. 

With  an  infinite  rod  the  travel  is  therefore 

/A  =72-72  cos  ^. 


The  equation  for  a  finite  rod  gives  the  same  result  when 
a  -0  and  L=  oc. 

Fig.  56  shows  a  crank-pin  working  in  a  yoke;    the  motion 
produced  is  equivalent  to  that  which  wo  ' "  'iced  by  a 

theoretical  rod  of  infinite  lengr  forms  of 
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8team*punips.  It  is  usual  to  consider  the  eccenlric'TQd  as  a  rod 
of  infinite  length,  as  it  is  oftoii  forty  times  the  eccentric  throw 
in  length.  Tlie  conned jn{f -rod  is  usually  only  five  to  aeven  times 
the  crank  throw  in  length,  and  in  accurate  work  ihe  exact  posi- 
tion of  the  piston  for  different  crank  positions  must  be  found, 
Tlie  graphic  methods  given  above  are  usually  preferretl  in  the 
solution  of  all  valve-diagram  problems. 

Position  of  EL  Slide-valve, — The  position  of  the  piston  Is  always 
found  by  measuring  the  dit^tance  it  is  from  the  beginning  or  end 


Fio.  56. 


FicL  57. 


Fio.  58. 


of  its  stroke,  as  show7i  above-  It  is  very  convenient  in  finding 
the  position  of  a  valm  to  measure  the  distance  it  is  from  its  mid- 
position.  This  is  never  done  with  pistons^  but  is  always  done 
with  ^lidt*- valves.  As  the  ecceniric-rod  is  generally  assumed  aa 
infinite  in  length  we  have,  Fig.  57. 
if  fi  ^eccentric  throw 
and  0  =the  angle  that  the  eccentric  radius  is  from  its  midpositionj 

bd=Ti  i^in  (^-distance  valve  has  moved  from  its  tmdjMmilion. 

It  is  evident  that  the  valve  will  be  in  its  midpositiou  when 
the  eccentric  is  in  its  niidposition»  of,  if  oa  an<l  oe  are  the  posi- 
tions of  the  eccentric  when  the  vaJv^e  is  at  tlie  ends  of  its  traveJ* 

Effect  of  Finite  Connecting-rod, — In  all  steam-engines  every 
effort  is  ma<le  tu  have  the  crank-pin  move  with  unifurm  velocity, 
vi^.j  pass  over  equal  spaces  in  equal  times.  If  the  crank-pin 
does  this,  it  will  l>e  found  that  the  motion  of  the  piston  is  ciuite 
irregular  and  the  shorter  the  connecting-rod  the  greater  is  this 
irregularity.    To  prove  this  take  any  crank-circle,  as  in  Fig,  58^ 
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and  divide  it  up  into  equal  ares  AD,  DB,  etc.    The  student 
should  compare  the  amount  of  motion  for  equal  crank-angles: 

1.  At  the  ends  and  middle  of  a  stroke. 

2.  At  the  two  ends  of  a  stroke. 

3.  During  the  forward  and  return  strokes. 

4.  With  connecting-rods  of  different  lengths. 

The  Slide-valve. — We  have  seen  that  the  sum  of  all  the  impacts 
of  the  steam  molecules  on  the  face  of  the  piston  causes  it  to  move 
and  so  converts  some  of  the  kinetic  energy  (or  energy  of  motion) 
of  those  molecules  into  work.  If  the  supply  of  steam  be  cut  off 
after  a  certain  amount  of  it  has  entered  the  cyUnder,  more  energy 
may  be  extracted  from  the  steam  that  has  entered  by  allowing 
it  to  expand.    It  will  do  this  if  the  resistance  be  gradually  lessened. 

There  are  a  number  of  variables  to  consider,  but  we  may 
assume  for  the  present  that  variation  of  velocity  will  bring  about 
the  necessary  equaUty  between  the  steam-pressure  and  the  resist- 
ance, the  velocity  increasing  if  the  resistance  decreases  and  be- 
coming less  with  increased  resistance. 


Fig.  59. 


The  slide-valve  controls  the  admission  of  the  steam  auto- 
matically, cutting  it  off  after  a  certain  percentage  of  the  stroke 
has  been  passed  by  tlie  piston,  oi>ening  a  relief  or  exhaust 
pav<?sage  at  or  near  the  end  of  the  stroke  for  the  escape  of  the 
.team  from  the  cylinder  during  the  n»tum  of  the  piston.  Near 
the  end  of  the  return  strcke,  complete  escape  of  steam  is  pre- 
vented by  closing  up  the  pa-sage  used  for  exhaust.  The  conse- 
quent compression  of  the  steam  in  th*^  '"'••^•nder  serves  as  a 
<?ushion  and  tends  to  prevent  pount^' 
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Valve  Laps,— The  amount  the  valve  overlaps  the  outside  edge 
of  the  \K)ri  wheji  the  valve  is  in  its  mid  portion  is  outside  lap 
(see  Fig.  59^  o,  o').  Similarly  the  araoimt  the  valve  overlaps 
the  inside  eilge  of  the  port  when  the  valve  is  in  it^f  midpmtion  is 
inside  lap  (f^ee  t,  i%  Fig,  59).  In  its  motion  to  anil  fro  it  is  evi- 
dent that  tlie  valve  overlaps  the  ports  both  inside  and  out  vary- 
ing amounts.  But  any  valve  has  but  one  midpoeition  in  each 
stroke;  hence  inside  and  outside  laps  are  fixed  quantities  for  any 
valve  and  can  only  be  reduced  by  chipping  or  planing  off  the 
valve  and  thus  reducing  o  or  L 

It  is  not  practical  to  draw  the  whole  engine  for  each  illus* 
tration,  hence  to  the  right  of  each  figure  are  line  sketches  (not 
to  scale)  showing  the  relative  crank  and  eccentric  positions  for 
any  valve  position. 

When  the  entering  steam  occupies  the  space  S  the  outside 
lap  is  caUed  steam  lap  ami  the  in.side  lap  is  exliaust  lap.  Th^e 
names  are  reversed  if  the  entering  steam  occupies  the  space  E^ 
It  is  not  necessary  for  the  steam  laps  to  equal  one  another  and 
the  exhaust  laps  may  he  unequal,  zero,  or  negative. 

Throw  of  the  Eccentric  (Fig.  59)* — The  eccentric  Oe  being 
directly  connected  to  the  valve  it  is  evident  if  the   former  be 


-^^ 


Fio.  60.  Fio.  61.  Ki(i.  tj2, 

rotated  from  its  present  midposition  to  a  horizontal  position 
that  the  valve  would  move  a  distance  Oe  to  the  right  or  left  in 
accordance  with  the  direction  of  rotation.  From  an  ii^pection 
of  the  figure  we  see  that  the  valve  must  move  the  outside  lap,  o, 
to  bring  the  valve  and  port  edge  and  edge  and  any  further  move- 
ment will  be  called  port-apening.  The  throw  of  the  eccentric 
must  equal  the  ?ap  +  the  maximnm  port-opening*  High-speed 
engine-valves  are  designed  with  considerable  over-travel,  aa  TO^ 
Fig,  62,  is  called. 
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Lead  is  the  amount  in  inches  that  the  port  is  open  when  the 
piston  is  at  the  beginning  of  its  stroke.  Examining  Fig.  59,  we  see 
that,  as  the  exhaust  lap  is  always  less  than  the  steam  lap,  any 
movement  of  the  valve  to  open  one  port  to  steam  will  open  the 
port  on  the  other  side  of  the  piston  a  greater  amount.  Hence 
exhaust  lead  is  always  greater  than  steam  lead. 

We  may  now  follow  the  crank  through  one  revolution. 
Width  of  Port  and  Port-opening. — By  the  width  of  the  port 
is  meant  the  invariable  breadth  of  the  port  at  the  valve-seat, 
or  p  in  Fig.  60.  The  maximum  port-opening  PO  may  be  less 
than,  equal  to,  or  greater  than  the  width  of  the  port  p,  Figs.  60, 
61,  and  62. 

Fig.  63:  Crank  OC  on  the  dead-center,  head  end;  piston  P 
is  at  the  beginning  of  its  stroke;  the  left  port  is  open  the  amount 
of  the  steam  lead;  the  right  port  is  open  the  amount  of  the  exhaust 
lead;  the  eccentric  is  at  some  angle,  coe  (to  be  determined  m 
amount  later),  ahead  of  the  crank,  i.e.,  in  the  direction  of 
rotation. 

Fig.  64:  The  eccentric  has  moved  to  its  extreme  right-hand 
position;  the  left  port  has  its  maximum  opening  to  steam;  the 
right  port  has  its  maximum  opening  to  exhaust;  the  piston  has 
moved  to  the  right  to  its  position,  P. 

Fig.  63 :  Wj  turn  to  the  first  figure  and  note  the  dotted  posi- 
tions of  crank  and  piston.  The  valve  is  moving  to  the  left  and 
is  about  to  cut  steam  ofT  from  the  left  side  of  piston  P'. 

Fig.  65:  The  piston  is  at  the  end  of  its  forward  stroke  to  the 
right  and  is  at  the  beginning  of  its  stroke  to  the  left.  The  right- 
hand  port  is  now  open  the  steam  lead  and  the  left  port  is  open 
the  exhaust  lead. 

Fig.  66 :  The  eccentric  and  valve  are  in  midposUion  twice  in  a 
revolution.  Both  ports  are  closed.  The  steam  is  expanding  on 
one  side  and  is  being  compressed  on  the  other.  The  kinetic 
energy  of  the  parts  keeps  up  the  motion.  Note  the  position  of 
crank  and  piston  for  the  niidposition  of  the  valve. 

Practical  Considerations.— If  the  steam-pressure  is  the  same 
at  the  two  ends  of  a  pipe  there  is  no  motion  of  the  steam.  To 
secure  velocity,  there  nmst  be  a  difference  of  pr^  *  to  secure 

high  velocity  the  difference  becomes  con^'  e  port 
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This  explains  the  rapid  falling  ofif  of  steam-pressure  at  cut-oflf  in 
high-speed  engines. 

The  following  values  will  give  approximate  idea  of  the  amount 
of  steam  lead  given  to  engines.  Experience  will  show  that  these 
values  may  be  modified  to  suit  other  conditions. 

Diameter  of  Cylinder.  Steam  Lead. 

8"  to  20"  1/32" 

20"  "  30"  3/64" 

30"  "  40"  1/16" 

Angular  Advance. — Fig.  63;  If  the  eccentric  were  in  mid- 
position,  o(fj  Fig.  63,  when  the  piston  was  at  the  beginning  of  its 
stroke,  steam  could  not  enter  the  cylinder  as  the  valve  would  be 
in  midposition.  Keeping  the  crank  and  piston  stationary  we 
must  move  the  valve  to  the  right  a  distance  =  steam  lap -h  steam 
lead.  To  do  this  we  must  rotate  the  eccentric  ahead  of  the  90° 
position  some  angle,  a,  such  that  r  sin  a  =  steam  lap  +  steam 
lead.  This  angle,  a,  marked  c'oe  in  Fig.  63  or  DOE  in  Fig.  67  is 
called  the  angular  advance.  Fasten  the  eccentric  to  the  shaft 
(90°+ a)  ahead  of  the  crank.  If  the  eccentric  rod  and  valve-stem 
are  the  correct  length  the  valve  will  be  properly  set. 

Amount  that  the  Valve  has  Moved  from  its  Midposition. — If 
the  eccentric  was  fixed  at  E,  Fig.  67,  when  the  crank  is  on  the 


Fig.  G7. 

dead-center  OC  the  valve  has  been  moved  ^d  =  r  sin  a  • 
steam  lead  from  its  midposition.     If  the  crank  rot^ 
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an  angle,  0  {carrying  the  eccentric  through  the  same  anglci  as  the 
eccentric  is  fixed  now  to  the  shaft)  ^  the  eccentric  will  be  found 
at  E\  the  valve  having  moved  r  sin  (a +6)  front  its  midposiiiQn. 

The  student  should  draw  the  crank  and  eccentric  in  various 
positionB  and  find  the  corresponding  positions  of  the  piston  and 
valves  as  in  Figs,  63-66. 

Valve-diagrams, — In  the  discussion  on  valve-diagrams  the  stu- 
dent must  keep  clearly  in  mind : 

L  When  the  crank  is  on  the  dead-center  the  piston  is  at  the 
beginning  of  its  stroke  and  the  ports  are  open  the  amount  of  the 
steam  leati  on  one  side  of  the  piston  and  the  amount  of  the  exhaust 
lead  for  the  other  port  on  the  other  side  of  the  piston. 

2.  The  eccentric  is  ahead  of  its  mid  position  an  angle  of  of  such 
magnitude  that  r  sin  a:  =  Iap  +  the  leatL 

3.  The  angle  ct  Is  invariable,  the  eccentric  being  keyed  to  the 
shaft  (90^  + a)  ahead  of  the  crank;  so  that  if  the  crank  rotates 
&  degrees  from  ita  dead-center  the  eccentric  rotates  the  same 
angle.  Hence  the  eccentric  is  (ct  +  0)°  from  its  midposition,  thus 
placing  the  valve  r  sin  («+6?)^  from  its  midposition, 

4.  Referring  to  Fig,  59  we  sec  that  if  we  subtract  the  steam 
lap  from  the  amount  that  the  valve  has  moved  from  its  midposition 
we  obtain  the  amount  of  portK)pening  to  steam  on  one  side  of  the 
piston,  and  if  we  subtract  the  exhaust  lap  on  the  other  side  of  the 
valve  we  obtain  the  amount  that  the  other  port  is  open  to  exhaust 
on  the  other  side  of  the  piston, 

5.  Negative  port-opening  indicates  the  amount  that  the  valve 
must  be  moved  to  obtain  a  position  where  the  port  is  just  about 
to  open.  For  instance  in  Fig,  59  the  valve  is  zero  inches  from 
its  midposition;  subtracting  the  lap  gives  a  minus  port-opening 
(numerically  =  the  lap)  ami  *shows  how  far  the  valve  overlaps  the 
port.  If,  in  that  same  figure,  the  valve  Ls  moved  to  the  left  w^e 
must  consider  that  amount  as  negative  if  motion  to  the  right  is 
consitlered  positive.  Subtracting  the  lap  then  gives  a  larger 
pegative  quantity,  which  we  see  represents  the  amount  of  the 

erlap  or  the  amount  that  the  valve  would  have  to  be  moved 
the  port< 
The  opening  of  the  central  part  E  does  not  enter 
Our  only  care  must  be  to  have  it  of  such 
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magnitude  that  the  valve  when  moved  to  its  extreme  right  or  left 
position  will  still  give  plenty  of  room  for  the  steam  that  is  ex- 
hausting from  either  the  right  or  left  port. 

7.  The  engine  and  diagram  must  not  be  confused.  In  the 
engine,  when  the  crank  moves,  the  eccentric  and  valve  also  move. 
Once  the  diagram  is  constructed  the  only  movable  quantity  is  a 
line  representing  the  crank,  the  rest  of  the  diagram  remaining 
stationary.  The  amount  of  motion  of  all  the  other  elements  of 
the  valve  is  found  by  proper  interpretation  of  the  diagram. 

Fig.  68:  Assimie  the  crank  to  revolve  clockwise  and  the  con- 


FiG.  68. — Zeuner  Diiigram. 


necting-rod  to  be  to  the  left.    In  the  diagram  lay  off  the  angular 
advance,  a,  negatively.     On  OE  thus  ol)tained  lay  off  OF  =  the 
throw  of  the  eccentric.     On  OF  as  a  diameter  construct  a  ' 
Let  the  crank  rotate  through  any  angle,  0,  from  its  deii 
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[lagition^  OB,  Then  the  Zeuner  Jiagrani  construction  depeiidis 
u|x>u  the  fact  that  ''any  intercept,  OG,  of  the  crank-line  by  the 
valve-circle  represents  the  amount  that  the  valve  /tas  moved  froni 

ITS  MIDI'OSITION/^ 

Proof,  Connect  F  and  G,  OGF  m  a  right  angle,  being  in- 
scribed in  a  semicircle, 

Oa^OF  cos^=OF  cos  (90*" -  (a  +  ^)}  -^OF  ain  (a  +  ^)  -  r ein  (a  +  ^} 

But  (Fig.  G7)  r  sin  (a +  ^) -distance  valve  has  moved  from  its 
midfmniiofu 

To  the  sanie  scale  lay  off  0/C^the  steam  lap  and  draw  the 
lap  circle  IQL.  In  the  tUagram  many  of  the  crank  lines  next 
mentioned  are  not  drawn,  aa  it  would  cunfusse  the  ihagrani. 

On  the  dead-center  jjostion  OB  the  port  is  open  JiC^the 
steam  lead. 

In  the  crank  position  OE  the  port  ib  open  the  maxinuim  amount 
Q^  as  the  port-opening  decreases  with  further  rotation  of  the 
crank. 

In  the  position  OL,  steam  has  been  cut  off,  as  the  portKipening 
has  been  ilecreasing  and  is  now  zero- 
In  the  position  ON  the  valve  overlaps  the  port  MN, 
In  the  tangential  poi^ition  ON'  the  valve  is  ssero  distance  from 
tsnud|X)3ition  or  Is  in  its  niidposition. 

In  the  position  OP  the  valve  overlaps  the  port  PR. 
In  the  position  OS  the  valve  is  at  its  maximum  distance  towards 
the  left  and  overlaps  the  port  by  the  lap  +  the  eccentric  throw  =  SF, 
The  right  port  is  eonsecpiently  widest  open.  In  each  of  the 
alnive  cases  the  |X)sition  of  the  left  eilge  of  the  steam-valve  Is  the 
le  described, 

Wlien  the  throw  and  angular  advance  have  been  determined 

r  one  end  of  the  valve  from  Uie  data,  necessarily,  they  are  de- 

rniined  for  the  other  end  of  the  valve,  as  there  is  only  one 

centric  having  a   fixed   throw  and  a  fixed   angular  advance, 

the  throw  and   angular  advance  of   the  eccentric  are  fixed 

ere  is  no  reason  why  I  he  lower  cirele  (of  the  same  diameter) 

*    1    ~  ^^p  prolongation  of  OF  should  not  serve  to  indicate 

*  other  steam-port  for  the  other  side  of  the 
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piston  for  the  return-stroke.    Lay  off  the  proper  steam  lap  and 
proceed  as  before. 

Returning  to  the  position  OL  we  see,  by  referring  to  Fig.  68, 
that  the  valve  is  moving  to  the  left  (although  the  piston  is  moving 
to  the  right,  the  crank  not  having  reached  the  right  dead-center 
yet).  When  the  crank  reaches  the  tangential  position  ON^  the 
valve  is  in  its  midposition.  The  left  port,  or  head  end,  is  now 
closed  by  the  amount  of  the  exhaust  lap  and  any  further  move- 
ment to  the  left  reduces  the  overlap.  Now  movements  to  the 
left  of  the  central  position  are  measured  by  intercepts  on  the 
lower  valve-circle.  Therefore  describe  the  arc  VW  with  a  radius 
or  =  the  exhaust  lap  on  the  left  side  of  the  valve.    From  consid- 


Fig.  69. 


orations  similar  to  those  that  have  preceded 
the  crank  has  rotated  from  the  position  OP 


VALVE-DIAGRAi%f3  AND  SLIDE-VALVES, 


97 


OVj  the  exhaust -port  on  the  left  side  or  head  end  is  just 
about  to  open, 

OYf  that  the  port  is  open  the  exhaust  lead  to  permit  the 
return-stroke* 

OA,  the  exhaust-port  has  its  maximum  opening, 

OWf  the  exhaust-port  has  closed  and  compression  of  the 
steam  that  has  not  escaped  conmiences. 

By  drawing  an  arc  with  a  radius  equal  to  the  exhaust  lap  of 
the  right  side  of  the  valve  on  the  upper  circle,  in  a  similar  manner 
the  exhaust  events  for  the  right  side  of  the  piston  or  crank  end  of 
the  cylinder  may  be  indicated, 

Geometrical  Relations  of  Elements  of  the  Zeuner  Valve  Dia^ 
gram,^Suppose  the  diagram  drawn  (Fig,  69.  Draw  a  crank- 
circle  of  any  radius  OA^  it  will  represent  the  crank-circle  to  some 
scale.     Then 

L  OH  bisects  A'OB  and  COD. 

2.  HFOf  HEOf  and  HID  are  right  angles,  being  inscribed  in  a 
semicircle,  HE  and  HI  are  tangents  to  the  lap  circle, 

3.  Draw  a  circle  :VHP  with  OH  as  a  radius;  join  the  intersection 
N  and  P  of  this  circle  with  the  two  crank  positioiLS,  steam  admission 
and  steam  cut-off;  the  line  NP  so  drawn  Is  tangent  to  the  lap  circle. 

4.  Drop  the  perpendiculars  JL  and  JK^  then  JK  =  -FG  =  the 
steam  lea<L 

In  the  following  problems  assume  an  infinite  connecting-rod: 

Ex.25,  Thnjw  of  eccentric  =14'\  angle  of  advance =30^,  steam 
lap=-J",  exhaiij!it  lap  =  i"-  Find  the  angle  at  which  steam  is  ad* 
mitted  and  cut  off ,  and  the  exhaust  openerl  and  closed ;  the  steam. 
lead,  exhaust  lead,  and  maximum  opening  of  the  port  to  exhaust. 

Ex.  26.  Stroke  is  4',  steam  is  cut  off  at  J  stroke,  and  is  admitted 
at  1"  before  the  beginning  of  the  stroke,  the  exliaust  is  opened  at 
3"  before  the  end  of  the  stroke,  the  throw  of  the  eccentric  is  2";  find 
the  pmper  angle  of  advance,  the  steam  and  exhaust  laps,  and  the 
point  on  the  ^stroke  when  the  exhaust  closes. 

Ex.  27.  Stroke  Is  3',  steam  m  cut  off  at  27",  steam  lead  is  J",  the 
exhaust  closes  at  30"  from  the  beginning  of  the  stroke,  throw  of  the 
8  \y';   find  the  maximum    port-opening  to  steam  and   ex- 
"^osition  on  the  stroke  when  the  exhaust  opens, 
jiven  the  throw  of  an  eccentric  =  2",  the  external  lap  = 
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f",  steam  lead = J",  exhaust  lap  =  — J"  (negative);  find  where  the 
fiteain  is  cut  off  and  where  the  exhaust-valve  is  closed  if  the  stroke 
is  2'. 

Ex.  29.  Stroke  is  2',  steam  is  cut  off  at  20",  the  lead  is  J",  the 
outside  or  steam  lap  is  }",  no  exhaust  lap;  find  the  angular  advance, 
throw  of  eccentric,  and  where  the  exhaust  opened  and  closed. 

Problem. — The  amount  that  the  port  is  to  be  open  for  any 
particular  position  of  the  crank,  the  position  of  the  crank  itself 
when  the  steam  is  cut  ofif,  and  the  amount  of  lead  being  known. 
To  find  the  lap  of  the  valve,  throw  off  the  eccentric,  and  its 
position  with  regard  to  the  center  lines  of  the  crank. 

The  solution  of  this  and  the  next  problem  are  modifications 
of  those  given  in  "  Designing  Valve  Gearing,"  by  E.  J.  Welch. 
The  solutions  are  theoretically  exact  if  the  angularity  of  the 
eccentric-rod  is  neglected.  Practically,  however,  the  solution 
depends  upon  the  intersection  of  lines  making  a  small  angle  with 
each  other  and  it  is  difficult  to  determine  the  exact  point  of 
intersection. 

Draw  AB  (Fig.  70)  to  represent  the  amount  the  port  is  to 
be  open  at  the  ^ven  position  of  the  crank  and  lay  off  AC  to  rep- 
resent the  required  amount  of  lead.  From  the  point  C  draw  CD 
to  represent  the  position  of  the  crank  at  which  the  steam  is  to  be 
cut  off  from  the  cylinder.  Draw  CE  at  right  angles  to  CD  and 
AF  at  right  angles  to  AB.  These  lines  intersect  at  G.  Bisect 
the  angle  EOF  by  the  line  GH.  This  bisectrix  is  a  locus  of  the 
required  center  N  since  EG  and  FG  are  tangents  to  a  circle  whose 
center  is  N. 

From  C  lay  off  CI  to  represent  the  crank  position  when  the 
valve  is  open  the  re(|uired  amount  AB.  If  we  draw  CPL  per- 
pendicular to  CI  it  will  be  tangent  to  an  unknown  circle,  oGP, 
at  some  unknown  point,  P,  where  TP  is  the  required  opening 
at  the  required  angle.  Similarly,  if  we  draw  BW  perpendicular 
to  AB,  it  will  also  be  a  tangent  to  the  same  circle.  The  bisectrix 
of  the  angle,  PLW,  so  formed,  will  be  LiV,  which  is  the  locus  of 
the  center  of  this  unknown  circI(^  and  it  will  intersect  the  other 
bisectrix,  Gil,  at  N,  the  required  center  of  the  unknown  ci' 
Draw  NC  and  the  diameter  of  the  valve  circle  will  be  ob 
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To  f  heck  the  position  of  the  point  Nj  see  tliat  NP  and 
equal  and  that  N  lies  in  GH. 

Prchlem, — ^The  greatest  amount  that  the  port  is  to  be  opened, 
the  [Misition  of  the  crank  when  the  steam  is  to  be  cut  off  from 
the  cylinder,  and  the  amount  of  lead  being  given.  To  find  the 
lap  of  the  valve,  the  throw  of  the  eccentric,  and  its  position 
relative  to  the  center  line  of  the  crank. 

Draw  AB  (Fig.  TH  to  represent  the  ^^atest  amount  that  the 
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port  is  to  be  opened  and  lay  off  AC  equal  to  the  given  lead. 
Draw  CD  to  represent  the  crank-angle  at  cut-off,  A  perpen- 
dicular to  CD  at  C  and  a  pcTpendieular  to  AB  at  .4  wull  both 
be  tangent  to  the  unknown  lap  circle.  The  bisectrix^  GJ^  of  the 
angle  EGF  so  formed  is  the  Incus  of  the  point  il/. 

I^ay  off  GU  equal  to  -4B  and  erect  the  indefinite    perpen- 

jcular  HKL     Prolong  the  bisectrix  JG  till  it  intersects  HI  at 

inu'  point  K.    In  the  conipk^ted  but  unknow^n  figure  we  see 

that  the  nklius  PM  (equal  to  the  unknown  diameter,  MC,  of  the 

'-  to  GV  m  A/K  is  to  GK.    Join  C  and  K.    With  G 

GU  (efjual  to  AB  the  maximum  i>ort  opening) 

'e  arc  UL.    Join  Q  and  L,     Draw  CM  parallel 
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to  GL  and  intersecting  the  bisectrix  GJ  at  Af.  The  triangles 
LKG  and  CKM  are  similar  and  therefore  MK:GK::CM:LG. 
It  therefore  follows,  since  three  terms  of  this  proportion  are  the 
same  as  three  terms  of  the  preceding  proportion,  that  the  fourth 
terms  are  equal,  viz.,  that  PM=CM. 


Fig.  71. 


Tho  ilirtn\otor  of  the  valve  oin»lo  having  been  found  the  re- 
mainini:  |Hnnts  an^  i\»u^ily  fou!\d. 

/V(>/»/<Mi.  Ciivon  n\tio  oonntM?ting-nxl  to  crank =5;  steam  lap 
1  'y\  exhaust  lap  I  v^".  and  stoani  load  1  16"  (all  on  headend); 
wulth  of  stoam-|H>rts<  I  2",  throw  ofiH^xnitric  1}";  steam-pressiu^ 
40  iH)vu\ds  jxT  gai^,  Kaok  prefisiM» 2  pounds  above  atmosphere, 
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clearance  10%.  Drim  tlu'  theoretical  indicator-card  for  the 
head  end  of  the  cylinder  and  sketch  the  valve  when  the  piston 
is  at  the  beginning  of  its  stroke  and  again  when  the  valve  is  in 
its  extreme  pasition  to  the  right. 

Sfdulion, — Draw  the  indefinite  Riraight  line  XOY.  From  any 
point  0  lay  off  Or/= steam  lap,  and  Gi^  =  the  steam  lead  on  head 
end;  erect  indefinite  perpendieiJar  FH^  with  0  as  a  center  ant!  a 
raiiius^the  given  throw  of  the  eccentric  describe  an  arc  cutting 
FH  at  H;  draw  OH,  it  will  be  the  tUanveter  of  the  valve-circle  and 
HOT  will  be  the  angidar  advance;  with  a  radius  OG  ilescribe  the 
lap  circle  EGl;  with  a  radius  =  the  given  exhaust  lap  describe  the 
arc  RSi  with  a  radius  Or  =  ]ap  +  the  width  of  port  describe  the 
arc  UWVf  then  WH  will  be  the  overtravel. 

With  a  center  at  0  and  a  radius  equal  to  the  crank  radius 
to  some  convenient  scale,  describe  the  crank-circle  XBY;  with  a 
ra^hus  five  times  as  great,  describe  the  arc  of  the  connecting-rod 
CiXC^.  Draw  the  various  crank  positions,  as  OB,  and  find  the 
corresponding  piston  positions  such  as  B'  by  laying  oflF  BOi 
from  X. 

Project  XY  on  any  parallel  line  below  the  diagram  and  obtain 
X'F  ,  the  length  of  the  card;  lay  off  X'Z  to  obtain  the  line  cf  no 
volume  or  clearance  line.  Lay  off  the  absolute  pressures  40  +  15 
pounds  an<l  15  +  2  pounds  and  obtain  the  st^^am  admission  and 
back-pressure  lines  Z'B''  and  C**S.  Project  B"  to  B"  and  draw  the 
isothermal  expansion  curves  B''D^';  project  C\  the  position  nf  the 
piston  when  the  exhaust  clas4\s,  and  obtain  C"'  &nd  draw  the  Isother- 
mal curve  of  compression  C'C".  Find  the  points  of  stt*am 
admission  and  exhaustMapening  and  sketch  in  the  expected 
curves. 

On  a  parallel  line  lay  of  12^t*w?am  lead;  13==  width  of 
port;  26— the  width  of  valve  =  steam  and  exhaust  lap + width 
of  port. 

To  draw  the  valve  in  its  extreme  right-hand  position  lay  off 
34  =  the  overtravcl  and  then  47  is  the  width  already  found.  It  is 
evident  that  79  ought  to  l>e  at  least  as  wide  as  the  other  port  which 
is  exhausting  through  79.     If  the  valve  is  thrown  into  its  extreme 
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ft^hand  position  it  should  go  about  an  eighth  of  an  inch  beyond 
This  prevents  the  formation  of  a  ridge  at  that  point. 


Ex,  30,  If  the  data 


the  above  problem  had  been  for  the 


given 
crank  end,  draw  the  indicator-card* 

Ex.  3L  Assume  the  indii*at(>r-can:l  found  in  Ex»  30  for  the  head 
ad  and  draw  the  crank  end  of  the  valve. 
Ex,  32.  Suppose  that  the  eccentric  in  Ex.  30  was  insecurely  fast^- 
"fened  and  slips  backwanlB  (or  aheml)  some  30^,  draw  the  cartl. 
What  i^  the  effect  on  Bteam  admbsion  and  cut-off,  e^diaust-openixig 
and  compression? 

Ex.  33.  Dhninb^h  the  throw  of  the  eccentric  Y'   m  Ex,  30,  and 
^ftlso  increase  the  angular  advance  30^,     Draw  tiie  card. 
^fe     Ex.  34.  Draw  the   indicator-€ard  for  the  crank  end  of  Ex*  29  if 
^^bie  valve^tem  is  made  i"  too  long* 


There  is  another  form  of  the  Zeuner  diagram  that  is  frequently 
en.  In  this  form,  insteml  of  using  a  negative  angular  a^lvance^ 
^n  negative  rotation  of  the  crank  is  usctl.  To  illustrate  thi.^,  lay 
off  the  diameter  of  tlie  valve-circle  of  Fig.  68  to  the  right  of  OD 
flcgrecs  and  construct  the  diagram.  To  find  how  far  the  valve 
ns  moved  from  iti=!  mii1|iojiition  when  the  real  crank  has  moveii 
through  an  angle  6°  clockwise  from  a  dead-center  OB,  make  use 
of  an  imaginary  crank  rotating  the  same  angle  anticlockwise  from 
the  head-center  position  OC*  To  find  the  piston  positions  make 
use  of  an  imaginary'  connect ing-rnd  that  is  j^wung  from  the  right 
if  the  real  one  is  on  the  left.  Finally,  wlien  the  indicator-card  is 
found  it  will  apparently  be  for  the  right  side  of  the  piston,  when, 
of  course,  it  belongs  on  the  other  side*  The  methods  may  be 
diaracterized  as  rights  and  lefts*,  and  either  may  lie  gotten  from 
the  other  by  looking  through  the  paper  at  the  diagram  imtimd 
of  directly. 

Bilgram  Diagram.^The  Zeuner  diagram  cannot  be  accurately 
constructed  with  certain  data  owing  to  the  necessity  of  fimling  the 
intersection  of  lines  that  meet  at  a  small  angle.  For  instance  if 
the  position  of  the  crank  when  the  steam  is  cut  off,  the  amoimt  of 
lead,  and  the  maximum  port-opening  are  the  data,  the  construction 
of  the  Zeuner  diagram  is  complex  and  accuracy  is  difficult  to 
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attain.  There  are  several  more  recently  devised  methods  that 
are  better  than  the  Zeuner  in  some  respects.  We  shall  prove  the 
■construction  of  the  Bilgram  diagram. 


Fio.  73. 


With  any  point  0  as  a  center  and  a  radius  equal  to  the  throw  of 
the  eccentric  describe  the  circle  BFC.  This  circle  is  often  used  for 
the  crank-circle  since  the  scale  of  that  circle  is  arbitrary.  If  the 
real  engine  is  revolving  clockwise  from  a  dead-center  position  05, 
lay  off  from  the  opposite  center,  OCy  the  angular  advance,  a,  as 
shown  and  thus  obtain  the  fixed  point  P.  As  in  the  Zeuner, 
nothing  is  to  move  but  the  crank.  Further  we  must  imagine  that 
the  crank  has  thickness  and  we  must  distinguish  between  the  side 
marked  R  and  the  side  marked  L. 

The  Bilgram  diagram  depends  upon  the  fact  that  the  perpen- 
dicular let  fall  from  the  point  P  (found  as  above)  on  any  crank 
position^  OF  {prolonged  ivhen  necessary),  ^the  distance  that  the 
valve  is  from  its  midposition.  Call  all  of  one  side  of  FG  by  the 
letter  R  and  the  other  side  by  L.  If  the  perpendicular  is  dropped 
on  the  side  marked  /?,  the  valve  is  on  the  right  of  its  mid- 
position;  if  it  is  dropped  on  the  L  side,  the  valve  is  on  the  left 
of  its  midposition. 

Let  the  crank  move  through  any  angle,  ^,  from  its  dead-center 
position  to  some  position  OF,  Drop  the  perpendicular  PH  on 
OF  (prolonged  if  necessary).     From   the  we  see  that 

PH^r  sin  (a-f  ^),  which  we  know  ^"  '"  ilve 

has  moved  from  its  midposition 
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As  the  port-opening  =  thn  distance  that  the  valve  has  moved 
from  its  niiilposition  minus  the  lap^  it  is  evident  that,  if  with  P 
Bs  a  center  and  radii  equal  to  the  steam  and  exiiaust  laps  we 
describe  the  circles  Pe  and  Pi,  we  may  automatically  subtract  the 
lap  anil  obtain  the  port-opening. 

As  the  crank  rotates  from  the  position  OF  to  01  the  distance 
PH  increases  and  as  a  maximuni  in  position  01,  which  is  perpen-* 
'licular  to  OP, 

The  port-<:>{>ening  decreases  to  position  02,  w^here  cut-off  takes 
place,  as  the  valve  is  evidently  (in  this  construction)  moving  to  the 
left  and  Ls  only  the  amount  of  the  steam  lap  from  midpositiou. 

At  OP  the  length  of  the  perpendicular  lias  reduced  to  zero  and 
the  valve  Ls  no  distance  from  midposition,  i,e.,  is  at  niidposition. 

The  perpendicular  now  falls  on  the  L  aide  i)f  the  crank  and 
increases  in  length,  showing  that  the  valve  is  moving  to  the  left 
from  its  midposition.  Opposite  01  or  at  08  the  valve  is  furthest 
to  the  left  and  therefore  the  right  or  crank  end  port  is  widest  open. 

The  perpendicular  is  now"  becoming  shorter,  shoiving  that  the 
valve  is  returning  to  midposition^  which  it  reaches  in  a  crank  posi- 
tion opposite  OP  or  at  OQ, 

Further  rotation  causes  the  perpendicular  to  fall  on  the  R  mle 
of  the  cranky  showing  that  the  valve  is  moving  to  the  right  from 
its  midpasition,  and  when  it  moves  the  amount  of  the  lap  the  crank 
is  in  position  04,  in  the  prolongation  of  the  tangent  to  the  lap 
circle  position  03,  and  the  valve  is  about  to  open  the  port- 
Further  rotation  brings  the  crank  to  the  dead-center  OB  and 
the  diagram  shows  the  port  open  the  amount  of  the  steam  lead  mn. 
The  locus  of  the  point  J?  is  a  circle  dra^n  on  OP  as  a  diameter. 

By  referring  to  Fig.  59  it  will  be  seen,  if  the  valve  has  no  exhaust 
lap,  that  exhaust -opening  takes  place  for  the  head  end  w*hen  the 
valve  attains  midposition  in  its  motion  towards  the  left  and  the 
exhaust  closes  again  in  the  midposition  of  the  viJve  on  its  return 
to  the  right.  In  Fig.  73  when  there  is  no  exhaust  lap,  exhaust^ 
opening  takes  place  for  the  head  end  in  crank  position  OP  and 
exhaust-closure  in  position  OQ. 

The  effect  of  giving  positive  exhaust  lap  is  to  delay  the  opening 

hasten  the  closure  of  the  port  as  compared  to  the  effect  of 

p.    Hence,  if  there  is  positive  exhaust  lap,  Pe^  exhaust^ 
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opening  will  take  place  in  crank  position  05,  whilst  exhaust-closure 
will  take  place  at  06,  which  is  ahead  of  OQ,  where  compression 
wo'ild  have  commenced  if  there  had  been  no  exhaust  lap. 

These  effects  must  be  reversed  if  the  exhaust  lap,  Pe,  is  negative 
instead  of  positive.  In  that  case  opening  would  take  place  at 
09  and  closure  at  07. 

Piston  positions  must  be  determined  as  in  the  Zeuner  diagran^ 
by  the  use  of  arcs  having  the  length  of  the  connecting-rod  as  a 
radius. 

To  obtain  the  effects  on  the  crank  end,  the  point  Q,  opposite 
P,  must  be  used  as  the  center  of  the  lap  circles  since  the  angular 
advance  and  throw  of  the  eccentric  are  fixed  quantities.  The  laps 
and  leads  may  be  the  same  or  different  from  those  on  the  head 
end.  The  effect  of  changes  can  only  be  determined  by  finding 
first  the  crank  position  of  important  events  and  then  determining 
the  corresponding  piston  positions.  If  the  laps  are  the  same  on 
head  and  crank  ends,  the  piston  positions  of  steam  admission  and 


FiQ.  74. 


cut-off,  exhaust  opening  and  closing,  will  be  different  at  the  two 
ends. 

An  examination  of  the  fundaniontal  principles  of  ^ 
slide-valve   diagrams  will  show  that  thoy  depenr' 
the  angular  advance  on  one  side  or  tho  other  o^ 
or  a  horizontal  line  and  the  ineasurenient  o'' 
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Geometiical  Ralationsp— The  construction  of  the  cliagrani  from 
data  to  find  other  quantities  requires  a  compreheasion  of  the 
geometrical  relations  that  exist  between  principal  lines  in  the 
complete  figure. 

The  radius  of  the  circle  KPM  is  always  the  throw  of  the  eccen- 
tric, win  m  the  amount  of  the  steam  lead  (Fig.  74), 

The  angle  POC  is  always  the  angular  advance  laid  off  mth  an 
opposite  rotation  from  the  dead-center  opposite  that  of  the  real 
crank* 

The  lead  line  KM,  steam  cut-off  line  02,  steam  admission  Imo 
04  prolonged,  and  a  line  ad  drawn  parallel  to  any  crank  position 
06  at  a  required  amount  of  port-<>i.>c?ning  ab  for  that  crank  position 
are  all  tangent  to  the  steam-lap  circle.  The  locus  of  the  center  of 
the  lap  circle  must  be  the  bisectrix  of  the  angle  between  any  two 
such  tangents.  Tlie  intersection  of  any  two  such  loci  gives  the 
required  center  P.  A  similar  series  of  tangents  may  be  drawn 
to  the  exhaust-lap  circles. 

Ex,  35p  Apply  the  Bilgram  diagram  to  the  solution  of  Exg,  25  to 

Ex.  36.  Stroke  is  2',  steam  cut-off  at  20^'  from  the  beginning  of  the 
gtroke»  steam  lead  i",  valve  is  to  be  open  |"  when  crank  has  made 
an  angle  of  30^  from  the  b^inning  of  its  stroke. 

Ex,  37,  Stmke  is  3',  steam  lead  ie  J",  steam  cut-off  at  24",  ex- 
haust opens  15*  before  the  beginning  of  the  return-stroke  and  closes 
30*^  before  the  end  of  the  return-stroke;  find  the  angle  of  advance, 
tlirow  of  the  eccentric,  and  inside  and  outside  laps. 

Ex.  38.  Stroke  is  2%  steam  is  cut  off  at  }  stroke,  maximmn  port- 
opening  is  1";  find  the  tlirow  of  the  eccentric,  angle  of  advancCi  and 
the  outside  lap. 

Problem, —  Draw  the  cross-section  of  a  plain  slide-valve  to 
comply  with  the  following  conditions;  Width   of  ports   1/2"; 
overt  ravel  on  the  head  end  1/4";  cut-off  on  both  head  and  crank 
ends  3/4  stroke;    stroke  18";    steam  adinistiion  commences  on 
head  end  when  the  piston  is  1/4"  from  the  end  of  its  stroke; 
e.xliaust  opens  at  9/10  stroke  on  both  ends;  ratio  of  connecting- 
«=5;  initial  steam-pressure  60  pounds  absolute;  back 
ds  absolute;  clearance  on  each  end  10%*    Assume 
ler  parts  as  3/4". 


108         THE  STEAM  ENGINE   AND  OTHER  HEAT-MOTORS 


Construction   (Figs.    75,   76).  —  Lay  off  the  stroke  XY  on 
a  scale  2"  =  1';  draw  crank-circle  X2Y;  lay  off  connecting-rod  arc 


Fig.  75. 

C1XC2;  lay  off  cut-off  points  B  and  5'  and  find  crank  positions 
02  and  02';  lay  off  .Y.4  =  l/4"  and  obtain  04  crank  position  at 
steam  admission  and  prolong,  thus  obtain  03,  a  tangent  to  the 


x^ 


V. 


N 


Fig.  76. 
lap  circle,  head  end;  the  inaxiniuni  port -opening,  hn 
given,  lay  off  arc  SS'  with  a  radius  =  3/4" =wid 
travel.    Three  conditions  for  the  lap  circle  beii 


yj 
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the  circle  is  easily  drawn.  In  this  case  the  locus  of  the  center  is 
on  OP,  the  bisectrix  of  the  angle  203,  and  it  is  not  difficult,  practi- 
cally, to  obtain  the  center  Pso  that  a  circle  can  l>e  drawn  tangent 
to  02,  03,  ami  the  arc  SS\  The  exhaust -opening  at  C  gives  crank 
po?iition  09^  and  as  this  precedes  OF  the  exhaust  lap  Pe  on  the 
head  end  is  negative.  For  the  crank  end,  the  throw  of  the  eccentric 
arji  the  angidar  advance  (since  there  is  only  one  eccentric)  are 
fixed  and,  therefore^  the  position  of  P'  \b  determined.  With  a 
center  at  P'  draw  a  circle  tangent  to  02%  this  gives  the  steam 


/ 
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Fi0,  77. 

lap.  Find  the  crank  position  corresponding  to  exhaust-opemng 
at  C  and  draw  I  he  crank  position  09'  at  exliaust-rjpening.  As 
this  po*sition  follows  position  OI^  the  exhaust  lap  on  crank  end  is 
positive.  The  leads  and  port-of)enings  differ  considerable  from 
thase  on  the  head  end. 

BimensioES  of  Steam-ports  and  Pipes. — It  is  easy  to  determine 
the  area  of  a  steani-jM^rt  if  you  have  enough  experience  to  deterniifie 
what  lineal  velocity  the  steam  njay  have  in  any  particular  case 
without  too  much  loss  of  pressure.  The  roughness  of  castings 
■"•^*  -'-^^  much  with  their  size,  but  its  influence  on  the  veloc- 
a  passageway  1/8"  witle  is  enomious  when  com- 
m  a  pasaageway  4"  wide*    The  allowable  steam 
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velocity  will  vary  then  with  the  size  of  the  ports,  their  roughness, 
their  length,  and  their  freedom  from  sharp  bends.  We  must 
distinguish  between  maxinmm  port-opening  (when  it  is  less 
than  the  width  of  the  port),  width  of  the  port  in  the  vaJve-seat,  and 
the  width  of  the  passageway  for  steam  below  the  valve-seat. 

*  Formerly  when  engines  cut  off  at  5/8  stroke,  a  lineal  steam 
velocity  of  100'  per  second  ( =  72,000"  per  minute)  was  allowed. 
Nowadays  150'  to  500'  per  second  is  allowed  in  obtaining  the 
maximum  port-opening  with  ordinary  or  usual  cut-off  in  high-speed 
engines;  the  width  of  the  port  -at  the  valve-seat  is  determined 
by  allowing  125'  to  150'  per  second,  whilst  the  passageway,  if  used 
by  the  exhaust-steam  on  its  return,  is  designed  on  an  allowance 
of  125'  per  second. 

The  effects  of  size,  roughness,  cut-off,  and  variable  piston  ve- 
locity are  all  merged  in  the  choice  of  the  velocity  factor.  Then 
the  volume  swept  through  by  the  piston  in  cubic  inches  per 
minute  divided  by  the  factor  expressed  in  inches  per  minute  = 
area  of  the  port  in  square  inches. 

Let  a  =  area  of  steam-port,  or  maximum  port-opening,  or  area 
of  the  steam-passageway; 
A  =  area  of  the  piston  in  square  inches; 
L= stroke  in  inches; 
N  =  number  of  strokes; 

F  =  72,000",  90,000",  108,000",  or  144,000"  per  minute; 
ALN 

In  the  case  of  high-speed  engines  with  shaft-governors  the  student 
will  note  that  shorter  cut-off  is  obtained  by  automatically  diminish- 
ing the  travel  of  the  valve.  As  a  result  the  maximum  port- 
opening  at  the  economical  cut-off  (J  or  |  stroke)  is  so  small  that 
the  factor  F  in  many  cases  exceeds  360,000  inches  per  minute. 
This  port-opening  is  often  only  one  and  a  half  to  twice  the 
^team  lead. 

A  cross-section  at  right  angles  to  the  one  shown 
should  demonstrate  that  the  exhaust -steam  will  no*- 
its  exit  from  the  cylinder.     Hence  the  design  ^'' 

♦  For  a  full  discussion,  see  Trans.  A.  S.  Naval  El 
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be  examineil  to  see  that  ample  area  for  the  passage  of  both  live 
anel  exhaust  steam  into  and  out  of  the  cylinder  has  been  pro%'ided» 
The  height  J  h^  under  the  valve  (Fig.  77)  should  be  at  least  equal 
to  the  width  of  the  port;  a  curv^e  ehouk!  be  made  as  at  r  to  pre- 
vent the  formation  of  eildy-currents  that  would  be  formed  with 
a  right-angled  corner.  When  the  piston  passes  a  dead-center, 
the  valve  will  lift  if  much  water  gets  into  the  cylinder;  hence, 
lo  prevent  the  liemUng  of  the  valve-*stem  its  connection  to 
the  valve  must  be  a  sliding  fit  to  permit  the  latter  to  lift  off 
its  seat.  The  trouble  has  been  merely  indicated  to  allow  the  stu- 
dent to  provide  suitable  remedies.  Steam-  and  exhaust-pipes 
should  not  be  screwed  into  tlie  castingSj  as  the  east-iron  thread 
IS  very  weak  and  the  movement  of  the  pipe^,  generally  having 
long  lever-arms,  soon  causes  leaks  that  cannot  be  stopped.  Pro- 
vision should  be  made  in  the  design  for  flange  connections. 

Practical  Considerations, 

Lead. — The  thickness  of  a  pen-knife  blade  is  enou^  lead  for 
an  engine  up  to  12  inches  diameter  of  cylinder,  1/16"  to  1/8^'  for 
cylinders  up  to  20  inches  in  diameter^  1/8''  to  1/4"  for  cylinders  up 
to  30  inches  diameter;  in  large  engines  it  often  amounts  to  1/2 
inch  or  more.  In  some  high-speed  engines  where  the  compres- 
sion is  ver^^  high,  the  lead  is  much  reduced  or  made  negative. 

Width  of  Port. — In  the  si team-engine,  heat  is  transformed  into 
work  at  a  com|>aratively  low  efficiency  and^  thereforej  it  does  not 
pay  practically  to  convert  any  of  that  work  back  into  heat.  It  is 
desirable  that  the  steam-pressure  on  the  piston  should  be  as  near 
boiler  pressure  as  possible.  In  very  small  engines  the  friction  of 
the  walls  is  a  much  more  important  factor  than  it  is  in  largie 
engines.  For  example,  let  L  be  the  length  of  a  steam-port  and  B 
its  wiflth  in  the  case  of  a  small  engine  and  8L  and  SB  similar 
dimensions  in  a  large  engine.    Then 

Perimeter    2fL+fi)  m(L^B) 

Area     ""     LB         ^"^        MLB 

«,  showing  that^  in  so  far  as  friction  h  influenced 
%e  small  cylinder  has  eight  times  the  friction 
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that  the  larger  one  has.  The  velocity  usually  allowed  is  6000 
feet  per  minute.  This  is  too  high  for  cylinders  of  6  or  8  inches 
in  diameter  and  is  too  small  for  cylinder  diameters  of  40  inches  and 
upwards.  In  high-speed  engines,  whilst  the  port  may  be  designed 
for  6000  feet  velocity,  it  will  be  found  that,  in  most  cases,  the  port 
is  not  fully  opened  by  the  valve  when  the  engine  is  at  normal 
speed.  In  other  words,  at  less  than  normal  load  the  port-opening 
is  considerably  less  than  the  width  of  the  port.  As  far  as  the 
valve  motion  is  concerned,  it  is  desirable  to  have  a  small  port 
area,  as  valve  friction  and  all  valve  dimensions  may  be  diminished. 
In  some  cases  the  cross-sectional  area  of  the  steam-passage  is 
increased  just  under  the  valve-seat.  This  increases  the  clearance 
volume  and  economy  requires  the  clearance  to  be  reduced  to 
a  minimimi.  As  the  area  of  the  port  is  desired  in  square 
inches  we  may  take  the  linear  velocity  as  72,000  inches;  then 
72,000  X  area  of  port  in  square  inches  =  the  volume  swept  throu^ 
by  the  piston  in  cubic  inches  per  minute. 

It  is  to  be  distinctly  understood  that  the  assumed  velocity  is 
a  rate  and  that  it  is  not  influenced  by  the  cut-off  or  the  unequal 
piston  velocities  at  different  parts  of  the  stroke.  As  the  velocity 
rate  is  determined  empirically,  it  is  better  to  merge  all  small 
variations  in  that  factor.  The  area  found  above  is  the  area  of 
each  port  and  not  the  sum  of  the  two  ports;  the  cubic  inches 
swept  through  by  the  piston  is 

;rr2x/X5, 

where  r  =  radius  of  piston  in  inches; 
Z  =  stroke. of  piston  in  inches; 
s  =  number  of  strokes. 

Thickness  of  Cylinders. — The  thickness  of  cylinder  walls  is 
governed  by  the  necessity  of  providing  sufficient  passageways  for 
the  metal  in  casting  and  of  securing  sufficient  rigidity  in  the 
casting  at  all  times  but  especially  during  boring.  It  is  of  the  utmost 
importance  on  account  of  internal  shrinkage  stresses  that  ail 
parts  of  the  casting  be  of  uniform  thickness  whether  demanded 
by  strength  or  not,  and  that  all  parts  ma^  lately 

at  right  angles  with  each  other  should 
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The  following  are  given  as  approximations: 

t^OX)(y^D\  p  for  small  cylinders 
_  ^0,03\  Dp  for  medium  and  large  cylinders; 

D^ diameter  of  bore  of  cylinder; 
p=^  maximum  pressure  in  pounds  per  square  inch. 

Thickness  of  the  Bridge  between  the  Steam-  and  Exhaust-port. — 

In  general  the  bridge  should  be  the  tsame  thickness  as  the  rest  of 
tho  cylinder  casting,  but  in  every  case  it  is  necessary  to  put  the 
valve  at  the  end  of  its  motion  in  each  direction  to  see  that  the 
outside  edge  of  the  valve  docs  not  go  beyond  the  bridge  and  open 
a  direct  communication  between  the  steam-  and  exhaust-passages. 
This,  of  course,  can  occur  only  in  valves  having  overtraveL  There 
should  be  at  least  1/S  to  1/4  inch  seal  between  the  steam-  and 
exhaust-space  under  the  valve  at  all  times. 

Width  of  the  Exhaust-port. — Put  the  valve  at  the  end  of  its 
travel,  then  the  inside  edge  of  the  exhaust  lap  for  one  port  should 
not  contract  the  paj^^^age  of  the  exhaust  from  the  other  steam-port. 

Slide-valve  Problems. — The  following  are  all  the  elements  that 
enter  into  slide-valve  problems, 

(1)  /Vngle  of  advance. 

(2)  Throw  of  eccentric. 
Length  of  connecting-rod     L 


(3) 


Crank  radius 

Crank  End. 

(4)  Inside  lap. 

(5)  Outside  lap, 

(6)  Amount  of  steam  lead. 

(7)  Amount  of  exhaust  lead. 

(8)  Port-openings  or  width 

of  port  and  overtravel 
(+or-). 
The    crank-angle    or  piston 
position  of : 

(9)  Steam  admission* 

(10)  Steam  cut-off. 

(11)  Exhaust  ^opening, 

(12)  E3diaust-elosure. 

(3)  must  always  be  given* 


»th  ends.    If  four  elements  of  one  end  and  two  of  the  other 


Head  End. 

(4)  Inside  lap. 

(5)  Outside  lap, 

(6)  .Amount  of  steam  lead. 

(7)  Amount  of  exhaust  lea«L 

(8)  Port-openmg,    or    witlth 

of   port  and  overtravel 
(+or-). 
The     crank-angle    or    piston 
position  of: 

(9)  Steam  admission. 

(10)  Steam  cut-off. 

(11)  Exhaust-opening- 

(12)  Exhaust-closure. 

(1)  and  (2)  are  always  the  same 
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are  given  a  complete  solution  is  generally  possible.  Care  must  be 
taken  that  there  is  no  conflict  between  the  four  elements  chosen. 
Valve  Ellipse. — Use  is  sometimes  made  of  diagrams  that 
represent  graphically  the  relative  and  actual  velocities  of  travel 
of  the  piston  and  of  the  valve.  Divide  the  path  of  the  crank-pin 
ABC  into  any  number  of  equal  parts  and,  by  the  use  of  the 
connecting-rod,  find  the  corresponding  piston  positions.  At  the 
points  so  found,  lay  off  an  ordinate  that  represents  the  amount 
that  the  valve  is  from  its  midposition  at  that  time.  These  ordi- 
nates  are  readily  obtained  from  the  crank  positions  on  the  Zeuner 
or  Bilgram  diagrams  when  there  are  no  intermediate  linkages. 


Fig.  78. 

If  any  such  exist,  as  in  the  C!orliss  engine,  the  actual  position  must 
be  plotted  graphically.     (Fig.  78.) 
Lay  off  54  =  outside  lap; 

43  =  steam  lead; 

41  =  the  maximum  port  opening; 

12  =  the  ovcrtravel; 

24  =  exhaust-port ; 

56  =  the  inside  lap; 

67  =  the  exhaust-port  opening; 

78=  exhaust  overtravel. 
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Theti  ci&  =  the  period  of  steam  admission; 
M^the  period  of  steam  expansion; 
cd  =  the  period  of  prerelease; 
c/  =  period  of  compression. 
A  rapid  variation  in  the  It  rigth  of  successive  ordinates  indicates 
rapid  movement  of  the  valve-    It  is  desirable  that  a  valve  should 
€pi?n  an<l  clow  with  the  niaximuin  possible  rapidity  and  be  prac- 
tically motionles.^  during  the  time  that  the  valve  is  either  wide 
open  or  closed,  especially  if  there  is  heavy  pressure  on  the  back  of 
the  valve  during  such  periodj^. 

Steam-pipe.* — AMiivii  ^ti*ain  flows  through  a  pipe  we  must  con- 
sider not  only  the  properties  of  the  steam  but  also  that  of  the  pipe 
and  the  influence  of  the  surroun* lings  or  en\iromnpnt  of  the  pipe, 
(1)  We  must  consider  the  difference  of  pres^^ure  between  two 
points  on  the  pipe  line,  the  ([Uality  of  the  steam,  ita  volume  and 
preasure, 

^^       (2)  The  length   and  diameter  of  the  pipe,  the  number  and 
^character  of  elbows  and  bends^  the  number  and  kind  of  valves, 
and  the  condition  of  the  interior  surface  of  the  pipe  influence  the 
loss  by  friction. 

(3)  The  covering  of  the  pipe,  whether  it  is  in  the  air  or  under- 
ground, the  character  of  the  ground  whether  wet  or  dry^  the  ex- 
posure to  winds,  the  position  of  the  pipe  and  its  drainage,  influence 
con<lonsation  losses. 

The  heat  losses,  indicated  above,  manifest  themselves  in  a  loss  of 

pressure  and  in  the  formation  uf  water  froTU  the  condensation  of 

steauL    The  heat  losses  or  changes  may  be  divided  into  four 

divisions  r    (1)   those  caused  by  friction,   (2)   condensation,  (3) 

expansion,  (4)  gravity. 

Let  £^fl  =  initial  energj'^  at  any  cross-section  of  the  pipe  J 
^i,  =  the  energy  at  another  section  of  the  pipe; 
^/  =  loss  of  energy  due  to  friction; 

condensation; 

expansion ; 
i?„-      "         "  *'      gravitation; 


it 


it 


-Ef  +  E,  +  E^+E^. 


he  flow  of  .Nuperbeatod  ateam  iu  pipes  see  Foster  in  the  Tiuns- 

'  Vol  2a 
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If  W  pounds  are  raised  h  feet  the  foot-pounds  of  work  required 
will  be  Wh.  If  A  be  expressed  in  terms  of  velocity  we  have  ^  ■=  5;:  and 

therefore  Wh  =  W^,    If  a  cubic  foot  of  water  weighs 


W  pounds  and  the  cross-section  of  a  pipe  is  one 
square  foot,  then  to  raise  the  water-level  one  foot 
at  h  feet  high  would  require  approximately  a  pressure 
of  Wh  pounds  exerted  through  one  foot  or  Wh  foot- 
pounds. If  the  water-level  is  lowered  one  foot,  the 
water  at  C  can  exert  Wh  foot-pounds  due  to  its  energy. 
This  is  true  only  on  the  supposition  that  the  tube  is 
frictionless.  Hence,  in  practice,  the  issuing  velocity  is 
less  than  that  due  to  a  head  hi.  This  new  head  hu  is 
the  head  that  would  be  required  in  a  frictionless 
pipe  to  produce  the  actual  velocity.  The  difference  i_kjc 
hi—hii^hf  is  then  a  friction  head.  Another  way  of  fio.  79. 
expressing  the  same  is  as  follows.  The  friction  is 
proportional  to  v^  (the  velocity  squared).    By  making  it  a  pro- 

portional  part  of  -^  we  may  also  express  it  as  a  proportional 

part  of  the  head  that  produces  the  velocity.    The  friction  is 

directly  proportional  to  the  wetted  surface  kDL  and  is  inversely 

7:1)2 
proportional   to   the   cross-sectional  area  or  -j">  ^^9  combining 

these  two,  is  proportional  to  ^jrr  ="H">  or  the  loss  of  head  from 

fnctionis  f-:y"jj=hf;  hence  the  work  of  friction  TFV=Tr/ 2- -yr. 

If  we  consider  a  well-lagged  horizontal  pipe,  Ee  and  Eg  may 

be  neglecteii  and  E^  may  be  disregarded!,  as  it  represents  change 

of  the  form  of  energy  rather  than  its  loss.    Hence  for  this  case 

1^    L 
v^e  have  Ea  —  Eff^Ef^Whf^W'f — 2 y^,  where   r  is  velocity  ia 

feet  per  second,  L  is  the  length  and  D  is  the  diameter  of  the  pipe  in 
feet.  Now,  as  a  rule,  we  want  to  find  the  loss  of  pressure  in  pounds 
per  square  inch  due  to  frictional  losses.     T*  '    «*  a  difiference 

of  pressure  to  produce  a  given  velocf^  pip^y  and 
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considering  friction,  there  would  liuve  to  be  a  greater  difference 
to  produce  the  same  vrfocity. 

If  we  took  a  column  of  the  gas  under  consideration  hf  feet  lilgh 
and  one  square  foot  cross-section  jti3  volume  woiilil  be  hf  cubic 
feet,  and  if  it  weighed  d  pounds  per  cubic  foot  its  total  weight 
would  be  A;(J  and  the  pressure  per  square  inch  would  be 

7^  =pi  pounds  per  square  inch. 
p,144     ,1^  2,      ,,     .      .        ,     ^/,       3  \ 


h,= 


where  Jv  is  a  constant  and  D  Is  the  diameter  in  feet. 
We  have  therefore 


Pi 


144 


If  W  =weight  of  steam  delivered  per  minute  and  «  is  its  vciociiy 
der  second, 


Wl      1 


W 


v-'T^-; 


2L 


60  a  i;ri»2     IbndD" 

(        3   \1       W^ 

Pi    ^Y+  lOD/g  22'5;t='Z>* '  144D ' 32' 

"and  if  D  be  changed  to  d  inches, 

The  following  experimental  determinations  of  K  have  been 
ade: 
=  0.0027  for  steam,  Carpenter; 

0.(K)28  for  air,  St.  Gothard  Tunnel  Experiments  j 
0, 005    f o  r  a  i  r ,  A  mon ; 
0,005    for  water,  Unwin- 

Substituting  the  value,  K^  0*0027  for  steam  the  lass  of  pres- 
m 
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Hence  IF =87/ 


The  value  0.0027  was  detennined  by  Carpenter  on  pipes  1,  l\, 
2,  3,  and  5  inches  in  diameter  and  of  90  to  230  feet  in  length. 

Table  XIV  was  calculated  by  E.  C.  Sickles  from  the  above 
formula,  using  0.0026  as  the  constant.  To  use  the  table  look  in 
the  left  half-section  of  the  table  under  the  heading  '*  Discharge 
in  pounds  per  minute"  for  the  discharge  nearest  to  the  given 
discharge.  Then,  on  the  same  horizontal  line  in  the  right  half- 
section  under  the  heading  "Drop  in  pressure  in  pounds,  etc./' 
in  the  column  under  the  given  pressure  will  be  found  the  drop  in 
a  straight  pipe  1000  feet  long.  The  heading  of  the  column  con- 
taining the  nearest  discharge  gives  the  pipe  diameter. 

For  shorter  pipes  containing  elbows  and  valves,  corrections 
have  to  be  made.  In  addition,  on  account  of  the  eddies  formed 
at  the  mouth  of  a  steam-pipe  when  it  enters  squarely  into  the 
steam  space,  a  correction  calUxl  the  *' friction  of  entrance''  has 
to  bo  made.  Complex  formuhvs  have  been  de\Tsed  for  these 
corrections,  but  they  an^  practically  usek»ss.  It  is  customarj'  to 
add  (to  the  actual  length  of  straight  pipe)  lengths  whose  friction 
would  be  eiiuivalent  to  the  friction  of  the  piece  in  question. 


FRICTION  OF  ELBOWS 

.   V.\L\TES,   ETC. 

Friction  of                  Equi 

valent  Strmiieht  Pipe, 

Ei\t  nince I 

Ololx*  \*HlN't»S , 

60  diameters 
60  dm  meters 
40  diameters 
No  friction 

*MV'  elU>ws 

O.-ito  valves 

1                                           I 

A  ci'»m{X'»uml  onsrino  of  300  I.H.P.  il<o^  IS  pounds  of  water 
pHT  I.H.P.  Initial  pn^<uro  is  loo  jxninds  enge.  The  steam- 
pijx*  will  contain  two  glolx^  valves  anil  two  o.bow^  and  90  feet 
of  straight  piix\  What  will  K^  the  sire  of  the  steam-pipe  and 
the  prolviblo  drop  of  piwi^uiv  in  a  wiH-laggct^ 
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300  X IH 

— 77^^^  90  pounds  of  water  per  minute.     From  Table  XIV 

a  4-inch  pipe  will  supply  97  pounds  of  water  per  minute  with  a 
drop  of  6.S3  pounds*  at  150  pounds  absolute  pressure,  in  a  ItMO 
feel  of  straight  pipe.     The  given  pipe  is  equivalent  to 


Straight  pipe.  ... .....,..>,.  90  feet 

Entrance       =60xA    - 20    ** 

Elbows  =  2X40XA...  ............  27    '' 

Globe  valves--  2x60x^ -  ^  40    " 

177    '' 

The  drop  in  pressure  will  therefore  be  tjj7T7jX6.83  =  L2  pouncb 

'  square  inch. 

The  curves  below  are  illuminating  in  that  they  show  at  a 
'glance  the  rapid  drop  of  pressure  when  steam  travob  at  high 
velocity  through  small  pif)es.  The  cur\'es  are  practically 
deriveil  from  the  formula  given  above.  They  are  calculates  1  for 
100  pounds  absolute  anil  100  feet  of  pipe  length  and  may  safely 
be  use<l  \\\}  to  12,000  feet  velocity  and  a  *trop  of  10  pounds 
pressure.  Witliin  the  above  limits  values  taken  from  the  figure 
may  be  used  for  other  lengths  and  densities  by  multiplying  the 
result  taken  from  the  figure  by  the  given  pipe  length  and  given 
steam  density  and  dividing  the  product  so  obtained  by  22.71 
which  m  100  times  the  density  of  steam  at  100  poumls 
pressure.* 
^L  Equation  of  Pipe*^  of  Equivalent  Oarrymg  Capacity, — While 
^^he  crossHsectional  areas  of  pipes  are  proportional  to  the  square 
of  their  diameters,  their  carrying  capacity  is  not  so  propoi-tioned 
BE  friction  will  make  a  very  considerable  difference  when  there 
is  a  large  ratio  bt^twcen  the  diameter  of  the  pipers  compared. 

Let  Wi  be  the  weight  of  fluid  discharged  by  a  pipe  whose 
diameter  is  di  and  W2  be  the  weight  discharged  by  a  pipe  of 
diameter  d2^    Then  if  R  is  the  ratio  of  the  weights  discharged 
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by  the  two  pipes — of  equal  lengths  and  discharging  the  same 
fluid — ^we  shall  have 


B=^= 


Wz    I,     3.6)      r     3.6 


di»  \\  .  /  d2»  U_di3Vd2+3.6 
•61      dz^Vd, +3.6" 
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Fig.  80. — Friction  Head  in  Steam-pipes* 


10000 


18000 


From  the  formula  wc  see  that  43  two- 
to  equal  the  carrying  capacity  of  one  e 
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Ex.  39-  How  many  pounds  of  steam  initial  pressure,  125  pounds 
gage,  will  be  delivered  per  minute  from  a  6"  pipe,  1000'  long,  with  a 
pressure  drop  of  16.4  pounds? 


k 


w 


"Ex.  396.  What  will  be  the  loss  in  pressure  of  a  pipe  6"  in  diam- 
eter, 150'  long»  containing  4  elbows  anl  2  glolae  valves  (wide  open)^ 
if  the  steam  velocity  b  8000'  per  minute.  Initial  pressure  at  the 
boiler^  125  pounds  gage, 

Ex.  40.  Find  the  size  of  the  steam-pipe  and  of  the  steam-  and  ex- 
haust-ports of  a  Corlbs  engine*  Assume  length  of  port  =  diam.  of 
cylinder.  Stroke  =-3  diameters,  LH.P.  =  45,  initial  pressure,  75  lbs< 
;a^e;  non-condensing;  cut-off  |  stroke j  revs,  94* 

Ex.  4L  Engine  12''X12",  300  revs.,  LH.P*-100  at  100  lbs.  ini- 
tial pressure^  and  i  cut-off,  back  pressure  16  pounds  absolute.  Design 
a  valve  to  cut  off  at  J  stroke,  head  end,  with  an  overtravel=  J  width 
of  port..  Assume  exhaust  lap  =  0.  Assume  length  of  port  — O.S  the 
diam.  of  cyl, 

Ex.  42.  Design  the  vah^e  for  the  L.P.  cylinder  of  a  triple-expan- 
eion  engine*  Diara.  cylinder  is  72",  stroke  5',  revs*  75,  cut-off  at  0*7 
stroke,  steam-lead  angle  15^,  exhaust  opens  at  0.9  stroke,  length  ol 
nnecting-rod  15\ 
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FiQ.  81. — Loss  by  Cylinder-condensation. 
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Fig.  88. 


CHAPTER  V. 
MEASURING  THE  EFFECTS  OF  HEAT. 

The  sensations  produced  by  heat  and  its  effects  on  bodies  are 
matters  of  common  experience.  The  hand  held  near  the  fire 
experiences  a  sensation  that  we  say  is  produced  by  heat.  The 
best  conception  of  heat,  however,  is  obtained  by  accurately  measur- 
ing its  effects.  Under  its  influence  solids  increase  in  temperature, 
i.e.  grow  hot,  usually  increase  in  volume,  diminish  in  strength  and 
change  many  other  physical  characteristics  such  as  the  power  of 
conducting  heat  and  electricity;  liquids  rise  in  temperature,  change 
many  of  their  physical  and  chemical  properties,  and  finally  evapo- 
rate. 

In  heating  bodies  the  rise  of  temperature  does  not  continue 
indefinitely  but  ceases  for  solids  when  they  commence  melting 
and  for  liquids  when  they  commence  boiling.  When  solids  are 
heated,  the  increasing  rapidity  of  vibration  of  the  molecules  is 
shown  by  the  increasing  temperature;  the  length  of  the  path  is 
very  slightly  altered,  as  is  shown  by  the  very  slight  change  in 
volume.  At  the  melting-point,  the  rapidity  of  vibration  is  so  great 
that  the  molecular  attraction  is  at  the  point  of  being  overcome  and 
any  further  addition  of  heat  cannot  increase  the  rate  of  vibration, 
as  the  molecular  attraction  cannot  of)pose  the  increased  stress; 
consequently  the  temperature  remains  constant  and  all  the  heat 
is  spent  in  disgregation  work.  The  energy  of  vibration  is  kinetic; 
the  heat  producing  change  of  state  or  disgregation  work  is  then 
gtored  up  as  potential  energy.  Similarly  when  liquids  are  at  th« 
boiling-point,  all  the  heat  added  is  spent  in  overcoming  the  molecular 
attraction,  giving  increased  amplitude  to  the  moleci'^'  *    •od 

performing  the  external  work  inseparable  with 
Hence  as  in  the  case  of  melting  solids,  this 
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Since 


potential  energ}\    It  is  called  latent  heat  or  conceaktl  heat, 
^since  it  is  not  indicated  by  a  thermometer- 

.\11  boiUes  at  any  temperature  above  absolute  zero  posses  heat, 
means,  in  accordance  to  the  modem  theory^  that  their  mole- 
cules are  in  a  state  of  \dbration  more  or  less  rapid^  depending 
upon  the  temperature  of  the  body* 
^^     In  solids  the  mutual  attraction  of  the  molecules  generally  limits 
all  movements  to  fixed  paths.   Hence,  in  general,  solids  retain  their 
form  and  mass  at  ordinary  temperatures.    An  exception  must  be 
made  in  the  caae  of  such  solids  as  musk,  camphor,  arsenic,  and  ice, 
which  may  evaporate  at  ordinary  temperatures, 
^       In  liquitls  the  motions  of  the  molecules  have  been  compared 
^Kto  that  of  dancers  in  tlie  Virginia  reeh     Tlieir  motion  is  \ibratoryj 
^Hotatory^  and  progressive.    The  molecules  revolve  around  one 
another,  pick  up  a  new  partner  as  the  uld  one  is  releasefl,  and 
revolve  about  the  new  one  in  turn.    This  free  motion  allows  the 
liquid  to  assume  a  plane  upper   surface  and  the  form  of  the 
vessel. 

No  gas  is  absolutely  i>erfect,  but  dry  air,  oxygen,  nitrogen  and 
hydrogen,  at  onhnary  atmospheric  temijerature  and  pressurCj  are 
so  far  ABO\T5  the  temperature  at  which  their  liquidj^  boil  that  they 
Act  Uke  perfect  gases.  Suljstances  that  are  liquid  at  ordinary 
temperatures  are  converted  by  heat  into  vapors  or  imperfect 
g^es.  Steam,  for  instance,  is  an  imperfect  gas.  By  superheat- 
ing, however,  a  stage  is  reached  where  it  practically  follows 
the  law  of  perfect  gases. 

Liquids  may  be  converted  into  the  gaseous  condition  in  two 
ways  that  are  often  confused  but  which  are  really  very  different 
from  one  another.  Any  hquid  if  left  exposetl  to  the  atmosphere 
will  finally  evaporate.  Clothes  will  dry  in  freezing  weather. 
This  evaporation  mil  occur  at  any  temperature,  although  usually 
there  is  a  lower  linut.  For  mercury,  for  instance,  this  is  14**  F. 
Let  us  consider  the  evaporation  of  the  water  from  a  pan  in 
10  open  air.     Rapiihty  of  evaporation  will  l>e  sc*cured — 

L  By   increasing   the   evaporating   surface,— putting   the 
water  in  two  pans ; 
'langing  the  air  frequently  over  the  pan, — by  fanning 
the  air; 
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3.  Performing  the  experiment  on  a  dry  day  rather  than  on 

a  wet  one; 

4.  By  heating,  but  not  necessarily  boiling,  the  water. 
The  truth  of  the  above  may  be  demonstrated  by  experiment. 

To  perceive  why  they  are  true  we  must  keep  in  mind  the  niotion 
of  the  molecules  in  a  Uquid  as  described  above.  In  its  vibratory, 
rotary,  and  progressive  motion,  at  intervals,  at  the  surface  all 
of  these  movements,  at  the  same  instant,  may  be  in  one  direction 
only.  If  that  total  motion  in  one  direction  takes  the  molecule 
out  of  the  liquid  with  sufficient  energy,  it  may  move  out  into  the 
air  instead  of  falling  back  into  the  liquid.  The  gradual  loss  of 
molecules  from  the  surface  in  this  manner  is  evaporation. 

At  the  same  temperature  and  pressure,  dry  air  is  heavier  than 
moist  air  (see  Table  VI),  hence  the  water  molecule  tends  to  rise 
till  the  temperature  or  the  pressure  or  both  are  lowered,  when 
equilibrium  will  be  established.  The  hotter  and  drier  the  air 
the  more  rapid  the  evaporation.  Usually  this  process  is  very 
slow. 

The  usual  commercial  method  of  forming  steam  by  boiling  is 
a  very  different  process,  governed  by  very  different  laws.  Unfor- 
tunately for  clearness,  the  term  evaporation  is  also  generally  used 
for  this  process.  In  this  operation  steam  is  not  slowly  formed 
at  the  surface  of  the  Uquid,  but  there  is  a  rapid  formation  of  steam- 
bubbles  on  the  heating  surface  and  therefore  in  the  mass  of  the 
liquid  itself. 

Consider  for  a  moment  the  conditions  that  must  exist  on  the 
inside  of  one  of  these  little  bubbles.  It  is  evident  that  the  mole- 
cules of  steam  must  impinge  on  the  water-envelope  of  the  bubble 
with  sufficient  energy  to  form  a  pressure  that  will  keep  the  water 
back.  The  intensity  of  tliis  pressure  must  be  equal  to  the  intensity 
of  the  steam-pressure  on  the  surface  of  the  water  increased  by 
the  weight  of  the  column  of  water  vertically  above  the  bubble. 
If  the  steam-pressure  increases,  it  is  evident  that  the  temperature 
of  the  steam  inside  the  bubble  will  have  to  increase,  since  the 
required  vibratory  energy  is  proportional  to  the  temperature. 
Consequently  with  each  steam-pressure  there  is  a  corresponding 
steam-temperature  necessary  for  boiling. 

In  the  power  of  increasing  the  length  of  ^^  m 
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[iffer  essentially  from  liquidf^.  Hence  the  volume  of  a  ga& 
increases  to  completely  fill  an  enlarging  volume,  whereas  the 
volume  of  a  liquid  remains  practically  constant  under  the  same 
circumstanceB. 

In  the  gaseous  state,  the  attraction  of  the  molecules  for  one 
other   i^   extremely   slight.     The    molecules   are  in  incessant 
otion  in  straight  lines,  striking  one  another  and  the  containing 
envelope,  thus  producing  the  pressure  that  they  exert  on  the 
enveloping  vessel. 

When  they  strike  one  another  (if  they  do),  they  rebound 
without  loss  of  ene^g>^  We  are  much  interested  in  what  happens 
when  they  strike  the  envelope. 

1.  If  the  latter  is  at  the  same  temperature  as  the  gas,  it  is 
also  in  a  state  of  vibration  and  the  molecules  will  rebound  i^ith- 

Et  loss  of  energy, 
2.  If  the  envelope  is  cooler  than  the  gas,  some  of  the  energy 
the  molecule  mil  be  cominunicateil  to  the  envelope,  which  is, 
probably,  losing  heat  by  radiation,  antl  the  molecule  mil  rebound 
with  diminished  energ5^ 

3.  If  part  of  the  envelope  is  movable  anti  (as  a  result  of  all  the 
combined  instantaneous  impacts)  motion  ensues^  the  rebound  will 
be  with  diminished  energy  a^^  part  of  the  enerj^^  is  conssiimed  in 
producing  the  motion  against  a  resistance.  When  the  molecules 
rebound  jnih  diminished  velocity  it  indicates  a  lowering  of  tem- 
^Bperature,  viz.,  a  loss  of  beat. 

^^  It  is  of  great  importance  to  comprehend  fully  these  effects  as 
they  exj>lain  huw  steam  loses  heat  in  doing  work  against  a  mov- 
ing piston  in  a  steiim-cylinder.  Anything  that  tends  to  reduce 
I  the  sum  t^Dtal  of  molecular  velocities  means  a  loss  of  heat,  -^iz., 
a  lowering  of  temperature.  If  the  piston  moves  and  the  tem^ 
pcrature  of  the  gas  (and  therefore  the  heat  in  the  gas)  is  kept 
constant,  heat  must  be  added  (equal  to  the  work  done)  from  some 
external  source  of  heat. 

Heat  cannot  be  expended  without  an  equal  quantity  of  eo- 

'^  apf>earing  in  some  other  form.    If  the  heat  equivalent  of 

,ch  elementary  change  is  known,  then  the  total  heat  expended 

^le  the  sum  of  the  heat-equivalents.     Every  heat-unit  that 

us  as  heat  must  be  balanced  by  the  production  of  some 


130  THE  STEAM-ENGINE  AND  OTHER  HEAT-MOTORS, 

change  of  equal  thermal  value.  In  the  less  complex  cases  less 
heat  is  required,  the  decrease  being  equal  to  the  heat-equivalent 
of  the  changes  that  did  not  take  place. 

We  saw  above  that  when  the  molecules  of  a  gas  were  allowed 
to  do  work  they  rebounded  from  the  surface  that  yielded  to 
their  bombardment  with  less  velocity  than  from  an  unyielding 
surface  whose  molecules  are  vibrating  in  unison  with  the  gas,  i.e., 
possessing  the  same  temperature.  If  a  gas  does  external  work, 
it  loses  heat  equivalent  to  the  external  work  done.  If  work  is 
done  on  the  gas,  then  the  gas  gains  heat  equal  to  the  external 
work  done  on  it. 

It  is  important  to  keep  in  mind  that  the  difference  between 

1.  The  total  heat  required  to  heat  a  substance  from  one 
temperature,  ti,  to  another  temperature,  <2,  and 

2.  The  increase  of  the  amount   of  heat  in  a  substance 
when  heated  from  ti  to  ^2 

IS  always  the  external  work. 

Let  us  take  the  most  complex  case  possible  and  itemize  every 
source  of  heat-expenditure.  Heat  a  solid  to  the  melting-point, 
melt  it,  heat  the  resulting  liquid  to  the  boiling-point,  evaporate 
it,  and  heat  the  vapor  under  one  of  several  sets  of  conditions. 
The  exceptions  to  the  events  ju?  stated  Mow  are  of  little  impor- 
tance to  the  student  at  present.    Tliese  events  are: 

1.  Tom{)erature  of  solid  rises. 

1^.  It  ox{>ands  against  external  pressure. 

2.  Temperature  remains  constant,  but  melting  is   taking 

place. 
2a.  Expnnrfon  apiinst  external  resistance. 

3.  Toinpernture  of  liquid  rises. 

y.  Liquid  oxjninds  apiinst  external  resistance. 

4.  TomjHTature  ronuiins  constant  till  all  the  liquid  is  evap- 

orated. 
4,,.  Chanjri^  o(  volume  ap\inst  external  resistance. 
r^.    Teinperatinv  and  priv^un^  inonwse,  the  volume  remain- 
ing evMistai\t , 
or         r>'.     IVniperature  ii\rreases.  prt\«iirt^  remaining  constant; 
o,.'.  \  ohuur  iiuiravrs  ai:aii\>t  v'on>iant  external  pressure; 
or  o".    reniperature  inereases. 
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Volume  increases  against  varying  pressure; 

or        5"\  Temperature  constant,  volume  and  pressure  varying, 

A  careful  examination  of  this  apparently  complex  series  of 

irents  will  demonstrate  that  they  may  all  be  grouped  under 

three  heads,  eacli  of  which  Is  absolutely  elementary  in  its  nature, 

I      Heat  13  expended  to  produce 

■^  (a)  A  rise  of  temperature:  1,  3, 5,  or  5',  5" — kinetic  energy* 

^^^_       {&)  A  change  of  state:    2,  4 — potential  energy. 

^^^^        (c)  External  work:   la,  2ti,  3a,  4a,  or  5/,  5a".  5'" — mechan- 

H      ical  ener^. 

H  The  heat  required  to  produce  any  one  of  these  events  is  not 
used  to  do  two  tilings.  For  example,  when  a  substance  is  heated 
a  few  degrees  we  see  that  there  is  not  only  a  rise  in  tempera- 
ture, but  also  that  the  substance  either  expands  or  contracts, 
Wliat  is  meant  by  (a)  is  the  heat  t!iat,  theoretically,  is  required 
to  produce  the  rise  of  temperature  alone. 

When  solids,  liquids,  or  gases  expand  the  external  work  is 
equal  to  the  product  of  the  increase  in  volume  in  cubic  feet  mul- 
tiplied l>y  the  mean  pressure  (in  pounds  per  square  foot)  (page  30) 
that  resisted  the  expansion,  Tliis  product  is  foot-pounds  of 
work,  and  divided  by  778  will  give  its  equivalent  in  thermal  unit-s. 

b  The  expansion  or  contraction  of  a  substance  when  heated 
may  rJways  be  measured  without  reference  to  any  other  heat 
quantity.  Hence  the  (c)  events  may  always  be  found  directly. 
Then,  when  there  is  a  combination  of  any  om  (a)  or  any  one 
(b)  event  with  its  corresponding  (c)  event,  it  is  evident  that,  by 
measuring  the  total  heat  required  to  produce  the  two  sinml- 
taneous  events,  the  value  of  the  (a)  or  the  (&)  event  alone  may 
be  found  by  subtracting  the  heat  equivalent  to  the  external 
work  or  (c)  event  from  the  total  measured  heat, 

Phymcists,  by  careful  measurements  and  determinations, 
have  found  the  heat  necessary  for  the  (a)  and  (5)  events  for  one 
pound  (or  unit  weight)  of  most  substances  and  tabulated  the 
lesuJts.  By  proper  use  of  these  tables  we  may  calculate  the 
quantity  of  heat  required  in  the  most  complex  cases, 

P      Specific    Heat, — DifTerent  amounts  of  heat  are  required   to 
raiae  equal  weights  of  different  substances  through  one  degree 
of  temperature.    If  a  body  expands,  some  external  work 
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is  done  equal  in  amount  to  the  pressure  per  square  foot  that  was 

acting  on  the  body  multiplied  by  the  change  of  volume  in  cubic 

PdV 
feet  divided  by  778,  or  -==o  •    The  change  of  voliune  of  solids  and 

liquids  on  being  heated  is  so  slight  and  the  heat  equivalent  to 
the  resultant  external  work  is  so  minute  that  it  may  be  n^lected. 
Let  A  =  total  heat  to  raise  1  pound  through  1°F.; 

s=heat  required  to  raise  the  temperature  alone = change 
of  intrinsic  energy  =  change  of  heat  as  heat  in  the 
body; 
t=heat  expended  in  overcoming  the  molecular  attrac- 
tions =disgregation  work = work  done  incident  to 
change  of  state; 
e= external  work  due  to  change  of  volume  imder  pressure; 
A  =  s+i+c  (B.T.U.  per  pound). 
In  the  case  of  solids  and  liquids  not  only  is  e  very  small,  but  t 
is  practically  zero  except  close  to  the  melting-point  of  solids 
and  the  boiling-point  of  liquids.    Hence,  in  engineering  questions, 
the  heat  required  per  pound  per  degree  rise  in  temperature  of 
solids  or  liquids  is  that  required  to  increase  their  sensible  tempera- 
ture alone. 

The  amount  of  heat  required  to  raise  one  poimd  of  water 
one  degree  Fahrenheit,  called  a  British  Thermal  Unit,  or  B.T.U., 
is  adopted  as  the  unit,  since,  from  experiment,  we  know  that  more 
heat  is  required  to  increase  the  temperature  of  one  pound  of  water 
one  degree  than  is  required  by  one  pound  of  any  other  substance 
except  hydrogen  gas.    See  page  5. 

The  Specific  Heat  of  Solids  and  Liquids  (C)  is  that  fraction  of 
a  B.T.U.  that  is  required  to  raise  the  temperature  of  one  pound 
of  a  substance  in  either  of  those  states  through  one  degree  Fahren- 
heit.   Hence  to  raise  W  pounds  from  ti°  to  ^2°  requires 

TF-C- (^2-^1)  B.T.U. 

Specific  Heat  of  Gases. — We  must  distinguish  between  perfect 
and  imperfect  gases.    Vapors  are  imperfect  gases  which  on  the 
addition  of  heat  become   more   perfect  and  eventually  may  be 
made  to  act  like  perfect  gases  by  the  addition  of  si'i 
There  is  no  such  thing  as  absolutely  perfect  gases,  ^ 
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permanent  gases,  dry  air,  hydrogen,  nitrogen,  oxygen,  wliich  at 
ordinary  temperatures  and  pressures  are  far  removed  from  the 
conditions  required  by  their  liquids,  may  be  termed  perfect 
gases.  Imperfect  gases  or  vapors  are  not  far  removed  from  the 
conditions  of  their  liquid,  but  may  reach  that  state  by  the  recep- 
tion of  a  large  quantity  of  heat. 

In  the  case  of  perfect  gases  it  is  usual  and  practically  correct 
to  assume  that  no  energy  (heat)  is  required  to  separate  their 
molecules.  Theoretically  t!ie  molecules,  ha\dng  mass,  must  have 
the  mutal  attraction  called  gravitation.  Tliis  force  of  attraction 
must  exist  even  if  all  other  forces  of  mutual  attraction  are  lost. 
As  a  matter  of  fact,  in  the  condensation  of  the  so-called  permanent 
gases,  use  is  made  of  thus  minute  Uiutual  attraction  of  the  mole- 
cules. In  the  cases  of  imperfect  gases,  some  heat  is  spent  in  over- 
coming molecular  attraction.  In  t!ie  case  of  steam,  for  instance, 
it  is  now  recognized  that  its  specific  heat  is  variable,  and  many 
scientists  are  now  at  work  on  the  determination  of  the  specific 
heat  of  superheated  steam  at  various  temperatures  and  pressures. 
Recent  work  in  gas-engines  leads  to  the  conclusion  that  the 
specific  heats  of  the  gases  used  in  those  engines  are  not  the  same 
at  high  pressures  and  temperatures  as  they  are  at  low  ones.  As 
no  final  conclusions  have  been  reached ^  the  student,  in  engineering 
problems,  may  assume  i  =  0  for  all  gases  perfect  and  imperfect. 

There  still  remains  the  other  factor  e  =  external  work.  If 
aolids  and  liquidi?  arc  not  allowed  to  expan<l  when  heated,  the 
pressure  that  is  exerted  is  equal  to  that  which  would  be  necessary 
to  compress  them  back  to  the  ori^nal  volmne  had  they  b*:*en 
allowed  to  expand  freely.  These  pressures  are  enormous.  On 
the  other  hand»  in  the  ease  of  gases  the  increase  of  volimie  is 
considerable  if  the  gas  is  allowed  to  expand,  and  it  is  also  feasible 
tlieoretically  to  prevent  all  expansion.  Practically^  of  course^  the 
vessel  floes  change  volume  with  increase  of  temperature  or  pressure 
or  both,  but  the  change  i.^  relatively  so  slight  as  to  l>e  negligible. 

Specific  Heat  of  Perfect  Gases  at  Constant  Volume.~Ii  a  gas  is  not 
allowed  to  expand,  no  external  work  is  done  since  work  is  the 
exertifm  of  a  pressure  (against  an  equal  resistance)  through  a 
tflU+ance.  If  either  factor  (pressure  or  distance)  is  zero,  the  work 
h    Mere  increase  of  pressure,  then,  is  not  work.    Hence  if 


134  THE  STEAM-ENGINE  AND  OTHER  HEAT^MQTORS 

i  and  e  are  both  zero,  all  the  heat  applied  to  the  gas  appears  as 
hcct  in  the  gas,  or  increase  of  intrinsic  energy.  Its  sole  effect 
is  to  increase  the  rapidity  of  vibration  of  the  molecules,  and  this 
results  in  an  increase  of  pressure  on  the  containing  vessel  and  an 
increase  of  temperature  as  measured  by  a  thermometer.      Hence 

The  Specific  Heat  at  Constant  Volumey  C„,  of  a  perfect  gas  is 
the  fraction  of  a  B.T.U.  that  is  required  to  raise  one  pound  of 
the  gas  through  one  degree  Fahrenheit,  the  volume  of  the  gas 
being  kept  constant. 

Therefore,  if  W  pounds  of  a  perfect  gas  are  heated  from  <i° 
to  ^2°  F.,  the  heat  required  would  be 

W'C,(/2°-/i°)  B.T.U. 

Another  variation  of  the  general  rule  occurs  when  a  gas  is 
heated  and  the  pressure  is  kept  constant.  When  one  pound  of 
a  gas  at  constant  pressure  is  heated  one  degree,  the  heat  equivalent 
to  the  external  work  done  is  a  fraction  of  a  B.T.U.  which  may  be 
added  to  C^,  thus  obtaining  a  new  coefficient,  Cp,  It  is  evident 
that  the  external  work  done  by  10  pounds  of  gas  heated  10  de- 
grees will  be  100  times  as  great  as  that  done  by  one  pound  of  gas 
heated  one  degree.  The  expenditure  of  heat  for  external  work 
varies  with  W{t2  —  ti).     Hence 

The  Specific  Heat  at  Constant  Pressxire  is  that  fraction  of  a 
B.T.U.  that  is  required  to  heat  one  pound  of  a  gas  one  degree 
Fahrcnlieit  and  do  the  external  work  if  the  gas  is  allowed  to 
expand  against  a  constant  resistance.  To  raise  W  pounds  of  gas 
from  ^1  to  to  and  do  the  external  work  that  accompanies  expansion 
under  constant  pressure  requires 

W-Cp-{t2-t,)  B.T.U. 

Ex.  43.  In  a  non-conducting,  non-heiit-absorbing  box  are  30 
pounds  of  water  at  75°  F.  What  will  be  the  final  mean  temperature 
if  5  pounds  of  lead  at  50°  C,  3  pounds  of  copper  at  300°  F.,  and  4 
pounds  of  cast  iron  at  50°  C.  are  thrown  into  the  box?     (Table  1.) 

Ex.  44.  If  i  pound  of  hydrogen  is  heated  from  75°  F.  to  90°  F. 
under  constant  pressure,  liow  many  B.T.U.  are  required?  If  the 
volume  had  been  kept  constant,  how  many  B.T.U.  would  have  been 
required?  How  many  foot-pounds  of  external  work  were  done  in 
the  first  case? 
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Ex,  45.  It  requifas  7S,2  B.T.U.  to  heat  3  pounds  of  a  certain  gas 
from  &f  F,  to  160°  F.  under  constant  pressure,  and  16571.4  foot- 
pounds- of  external  work  are  done.  What  gas  is  it?  What  is  the 
increiise  of  heat  in  the  gas? 

I  Ex.  46*  Two  pounds  of  dry  air  at  75^  F.  and  20  pounds  per  squiire 
'ineh  pressure  are  heated  and  pooled  several  times.  At  tlie  end  of  the 
operations^  by  pluttitig  a  purve  of  the  variatioas  of  pressure,  and  vol- 

le  it  is  found  that  77,8<.MJ  foot-pounds  of  external  work  have  been 
one,  and  that  the  volume  of  the  gas  has  lx*en  doubled  and  its  tern- 
rature  is  475*^  F.     How  niiiny  B/r.U.  were  expended,  and  what  is 
le  increiise  of  heat  in  the  air? 

Ex,  47.  Two  pounds  of  air  under  20  pounds  per  square  inch  pres- 
pore  and  at  a  ternperatiire  of  200°  F.  arc  allowed  to  expand;  lioat  is 
abided  so  that,  notwithstanding  the  fact  that  the  gas  is  expanding 
and  doin<;  work»  its  temperature  remains  the  same.  If  100  B.T.U. 
were  added  to  the  ga^,  find  the  number  of  foot-pounds  of  external 
work  that  were  done. 

Ilerrt'Tjfrjre  we  obtained  our  answer^  in  thermal  units  by  umng 
,p  and  C^„  To  obtain  an  ansiver  in  foot-pound.H  it  was  necessary 
to  multiply  by  778.  The  answer  may  be  obtained  directly  in  foot* 
pounds  by  multiplying  by  the  corresponding  constants  /vp  and  Kv 
—  llSCp  and  77SCv  from  Table  L  The  difference  of  these  con- 
Btants  (Kp  —  Ki)  is  a  constant  which  will  W  ealleil  li. 

t      Derivation  of  the  Fundamental  Formula,  PV  ^UBT, 
The  truth  of  this  formula  is  demonstrated  by  the  correct  results 
obtained  by  its  use. 

Imagine  a  piston  of  any  constant  weight  P  resting  on  a  perfect 
gas  weighing  W  pounds.  Cool  the  gas  till  its  temperature  is 
reduced  to  absolute  zero  and  its  volume  is  also  reduced  to  an  inap- 
preciable quantity.  If  the  gas  is  now  heated  under  constant 
pressure,  it  will  take  W(Cj,-C^)  thermal  units  to  do  the  external 
work  per  degree  rise  (if  temperature  in  accordance  with  our  ilefini- 
ti* yns.  If  the  gas  is  heated  T  degrees  absolute,  the  heat  required  for 
the  extermd  work  is  W(Cp  —  C^)T.  Expressing  tliis  in  foot-pounds, 
WiKp—Kf,)Tf  it  may  then  be  equated  to  the  external  work  done 
\mder  a  constant  pressure  P  through  a  volume  V,  or 

^  PV^  W(Kp  -  if  ^)r  -  WRT. 

In  the  derivation  of  tliis  formula  we  eliminated  all  internal 
jeat.    J*  ^«nr*#^  therefore^  in  the  deterniination  of  quan* 
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titles  of  heat.    It  shows  a  relation  that  exists  between  physicdL 

conditions  alone. 

In  its  use  only  one  quantity  must  be  kept  constant,  and  that 

is  the  mass  of  the  gas.    Hence  for  any  gas  if 

Pi  =  initial  pressure  absolute  in  pounds  per  square  foot, 

Vi  =  the  initial  volume  (in  cubic  feet)  absolute, 

Ti  =  the  initial  temperature  in  degrees  Fahr.  absolute, 

P2  =  the  absolute  pressure  at  any  other  instant  in  pounds  per 

square  foot, 
72  =  the  absolute  volume  in  cubic  feet  at  that  instant, 
72= absolute  temperature  Fahr.  at  that  instant, 

then,  whether  the  gas  was  heated  or  cooled,  whether  it  did  work 

or  work  was  done  on  it. 

In  the  equation  PV==WRT  there  are  five  quantities:  if  any  four 

are  known,  the  fifth  can  be  found.    Similarly  in  the  equation 

PiVi    P2V2 
rp     =-7p — ,  there  are  six  quantities;  if  any  five  are  known,  the 
i  1         i  2 

sixth  may  be  obtained.     Note  that  P  is  a  rate  or  intensity  of 

pressure. 

Ex.  47.  A  cylinder  1  square  foot  in  area  and  4  feet  long  contains 
oxygen  at  139°  F.  and  100  pounds  per  square  inch  pressure  absolute. 
What  is  the  weight  of  the  oxygen? 

Ex.  48.  A  cylinder  contains  1/10  of  a  pound  of  an  unknown  gas. 
The  volume  of  the  cylinder  is  3.2  cubic  feet,  and  the  absolute  pres- 
sure is  100  pounds  per  square  inch,  and  the  temperature  is  139°  F. 
What  is  the  gas? 

Ex.  49.  What  volume  will  1/2  pound  of  dry  air  occupy  at  39°  F. 
and  50  pounds  per  square  inch  pressure? 

Ex.  50.  A  spherical  balloon,  30  feet  diameter,  is  to  be  inflated 
with  hydrogen  gas  at  70°  F.,  with  the  barometer  standing  at  29.8 
inches.  What  will  be  the  weight  and  volume  of  the  gas  that  should 
be  run  in,  if  none  is  to  be  lost  when  the  balloon  has  risen  to  such 
height  that  the  barometer  stands  at  20  inches  and  the  thermometer 
stands  at  36°  F.? 

Calculate  the  lifting-power  when  the  balloon  starts  to  rise. 

Ex.  51.  Find  the  temperature  at  which  one  kilogram  of  air  will 
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cupy  3  cubic  meters  under  a  pressure  of  5(K)0  kilograms  per  square 

meter. 

Ex,  52.  A  cylinder  1  square  foot  in  area  and  3  feet  in  height  con- 
ins  air  at  100°  F,  under  a  piston  weighing  576  pounds  ^  exclusive 

of  the  atmospheric  pressure.     What  is  the  weight  of  the  air? 


Boyle's  Law, — Taking  the  equation 


PiV,    P^V, 


w 


1^ 


^ 


nt     —    fp     for  a  constant 

of  gas,  it  is  e\ident  that  certain  relations  hold  if  any  one 

df  the  three  factors,  pressure,  volume,  or  temperature,  is  kept 

constant,  alloT^Tng  the  other  two   to  vary.     If  heat  be  added 

subtracted  so  that  the  temperature  is  kept  constant,  we  have 

P      V 
Boyle's  Law;  for  if  T,  - Ta,  then  we  have  PxVi  -P2F2  or  p;^ ^^ 

Since  the  temperature  is  kept  constant,  PiVt  =  p2V2  must  be  the 
law  of  isothermal  expansion,  If  V2  is  greater  than  F]  the  gas  has 
expanded;  if  it  is  smaller,  then  there  has  been  isothermal  com- 
pression. The  law  then  expresses  the  fact  that  if  the  temperature 
is  kept  constant,  the  volumes  mU  be  inversely  proportional  to  the 
pressures.  It  is  genf#ally  much  easier  to  deal  with  ratios  thus: 
if  the  volume  is  doubled  or  trebled,  the  pressure  is  halved  or  is  one 
thir^i  of  the  original  pressure;  or  if  the  volume  is  one  third  or  one 
fourth  the  original,  the  pressure  is  three  or  four  times  the  original. 

Charles*  Law. — If  the  volume  is  kept  constant,  the  equation 
p     p 
comes  i=r  =  m- .    If  a  gas  be  hested  or  cooled  in  a  closed  vessel 

so  that  there  is  no  change  of  volume,  then  the  pressure  is  directly 

proporti^rnal  to  the  absolute  temperature.    Put  in  the  form  of  a 

P      T 
alio,  -p^qT.  we  see  that  doubling  the  pressure  requires  double 

the  absolute  temperature. 

Similarly  if  the  pressure  is  kept  constant  the  equation  becomes 


V, 


V,    r, 


T,^T2    ^^     V2    T2' 


and  we  see  that  the  volume  is  directly  proportional  to  the  ab- 

SOLITTK  temperature  under  those  circumstances. 

Joule's  Law, — F*^**    ""Sneering  purjioses  we  may  say  that  if  a 
perfect  pas  i»Tfn«  ^es  no  external  work,  the  temperature 
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remains  constant.    Let  us  examine  the  effect  of  this  on  the  general 
equation 

PiVi    P2V2 
Ti         T2  • 

By  supposition  Ti  =  Tz,  therefore 

But  this  is  the  law  of  expansion  of  a  gas  at  constant  temperature. 
As  T2  is  practically  equal  to  Ti,  we  shall  assume  the  law  to  hold. 

Ex.  53.  The  area  of  a  piston  is  2  square  feet;  the  pressure  of  the 
air  against  it  when  it  is  1  foot  from  the  beginning  of  its  stroke  is  50 
pounds.  The  temperature  of  the  air  is  100**  F.  If  the  air  expands, 
doing  work  as  the  piston  moves  to  the  end  of  its  stroke,  find  the  final 
pressure  of  expansion,  if  the  stroke  is  4  feet  and  the  final  temperature 
of  expansion  is  100^  F. 

Ex.  54.  The  cylinder  of  an  air^ompressor  is  3  square  feet  in  area 
and  2  feet  stroke.  If  this  cylinder  is  filled  with  air  at  15  pounds 
pressure  and  at  a  temperature  of  60^  F.,  what  will  be  the  final  pres- 
sure of  compression  if  the  air  is  compressed  at  a  constant  tempera- 
ture to  one  fourth  its  original  volume? 

Ex.  55.  A  cylinder  contains  dry  air  at  100  poimds  pressure  per 
square  inch  and  at  75°  F.  If  the  area  of  the  cylinder  is  3  square  feet 
and  its  length  is  2  feet,  find  the  number  of  B.T.U.  that  it  will  take  to 
double  the  pressure,  if  the  volume  remains  constant. 

Ex.  56.  A  cylinder  with  a  movable  piston  contains  one  half  pound  of 
oxygen  at  a  pressure  of  100  pounds  per  square  inch  absolute.  If  the 
volume  of  the  gas  under  the  piston  is  1  cubic  foot,  required  the  num- 
ber of  B.T.U.  to  double  the  volume  under  the  above  pressure.  What 
is  the  increase  of  intrinsic  energy  of  the  gas? 

In  using  these  formulas  it  is  convenient  to  express  the  pressures 
in  pounds  per  square  inch.  This  can  be  done  by  expressing  the 
area  of  the  piston  in  square  inches.  All  stroke  dimensions  must 
be  in  feet. 

The  formulas  for  the  net  work  done  and  the  mean  effective  pres- 
sure are  very  much  simplified  by  making  the  clearance  equal lero 
and  closing  the  exhaust-valve  at  the  end  of  the  strok*' 
simple  formulas  will  not  apply  to  a  cylinder  that  b 
and  most  cyUnders  have  clearance. 
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Curves  of  Ezpansion  of  a  Gas  in  General. — When  the  volume  of 
a  gas  varies— either  increasing  or  decreasing  in  volume — doing 
work  (or  the  reverse)  and  either  receives  or  loses  heat  in  some 
regular  way,  the  relation  that  exists  between  the  pressure  and 
the  volume  at  any  instant  may  generally  be  expressed  by  the 
equation 

For  example,  if  be.  Fig.  93|  represent   the  expansion  curve 


•'^* 


(IV 


Fio.  93. 

C,  from  the  point  6  draw  other  curves  above  or  beJow  6c, 
evident  that  isome  relation  such  as 

PFi*3  =  C,     FW^  =  C,    PV*^C^,    PV'^^C,    PV^^O, 

or,  in  general,  PK'»  =  C, 


^^h 


might  exist  between  the  absolute  pressure  and  its  corresponding 
volume  at  any  instant  of  the  expang^ion. 

To  find  an  expresaon  for  the  work  done  during  expansion  when 

e  expanding  gas  either  receives  or  loses  heat  in  such  manner 

'nn  between  the  varying  pressures  and  the  varying 
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Work  done  during  expansion  =/     PdV; 


but  PF'»=Pl^l^   /.  p=- 


Vn 


This  is  readily  reduced  if  72"""*"^  is  multiplied  by  P^Vj^  (which 
is  equal  to  PiVi"^)  rather  than  by  PiFi** 

^P2V2-PiVi^PiVi-P2V2 
—  n  +  l  n  — 1 

This  gives  the  work  done  during  expansion  of  W  pounds  of 
gas  (determined  by  Pi,  Fi)  expanding  from  Ti^  to  ^2®  and  mean- 
while receiving  or  losing  heat  so  that  the  law  of  expansion  may 
bePF-^C. 

P1F1-P2F2 
To  express  the  work —. in  thermal  units.     From  the 

general  equation  PV  =  WRT  we  have 

P,l\,^W{K^-K,)T2, 
The  work  done  during  expansion  in  foot-pounds  is  therefore 

Tr(A'p-A^)(!r,^-r2^) 

n-l  ' 

or,  expressing  this  directly  in  thermal  units,  is 

n-l 

The  change  in  intrinsic  energy  is  WK„{T2'^-Ti^),  since  the  aam 

has  changed  from  T^^  to  7^2°. 
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The  total  heat  required  is  that  nejcessary  to  produce  the  change 
in  intrinsic  energy  and  do  the  external  work^  \^z*, 


WKJT.-Ti)^ 


W(Kf.-K,){Tr-T2} 


n-i 


The  equations?  just  tlerived  are  general  and  any  value  of  n 
may  be  used  except  unity,  and  that  value  gives  isothermal  ex- 
pani?ion,  which  has  already  been  discussetl. 

Since  we  nmy  suppose  heat  atlcled  or  subtracted  in  any  way 
we  clioose,  a  very  iuiportant  special  case  m  that  in  which  the 
supposition  is  matle  that  no  heat  is  added  to  the  gas  from  any 
external  source  while  it  is  expamhng,  neither  does  it  lose  heat 
AS  HEL^T  by  radiation  nor  comluctiou  to  any  outside  body.  If 
the  gas  expands  and  does  work,  it  must  lose  sonw*  heat.  As  we 
have  made  the  conditions  such  that  it  is  im^K)*ssible  to  lose  or 
gain  HKAT  as  hi-iat,  it  is  evident  that  the  external  work  done 
must  be  the  sole  measure  of  the  heat  that  the  gas  has  lost.  This 
is  adiabatic  expansion. 

For  Ad}Gimiw  Exjuinsion  the  formula  for  the  total  heat  re- 
quired may  be  equate  to  zero,  since  no  heat  is  added  or  sub- 
tracted*   Therefore 


WKJT.-Ti)  + 


W{Kp-K,nTr-T2) 
n-1 


=  0, 


Since  the  temperature  decreases  T2  cannot  equal  JTi,  therefore 
(nK^  —  Kp)  must  be  the  zero  factor.     Hence 


fiK, 


K„    C- 


An  adiabatic  expansion  is  a  particular  kind  of  expansion  and 
hence. the  general  value  n  cannot  be  used.     For  tliis  kind  of 


n  has  the  definite  value  y^^  which  is  constant  for 
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any  gas  but  varies  with   different  gases.    For  simplicity  ;•  is 
generally  used  for  the  value  of  t^  for  any  gas. 
The  equation  for  adiabatic  expansion  is  then 

PVr^C, 
The  work  done  during  adiabatic  expansion  is 
P1V1-P2V2 

The  total  work  of  admission  and  expansion  is 


P.F1  +  - 


r-1 


The  net  work  done  per  stroke  when  there  is  no  clearance  and 
the  back  pressure  =  the  final  pressure  of  expansion 

=  WK„r(Ti  -  T2)  =  WKp{Ti  -  T2)  foot-pounds 
=  TrCp(7',-7'2)B.T.U. 

;•  for  perfectly  dry  air  is  t/  = '  .—  =  1 .406. 

/•  for  moist  air  has  some  value  between  1.4  and  1.2. 

The  equation  PV'^=C  may  be  easily  derived  from  the  two 
fundamental  equations  of  thermodynamics  derived  on  page  152: 

H='KpdT-VdP, 
H  =  K^T  +  PdV. 

When  the  expan.sion  is  adiabatic  H  =  0: 

KpdT=VdP, 
K,dT=-PdV, 
Kp^    ^_ydP 
K,'^~     PdV 

ry-  p- 
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spending  P  may  be  calculated,  and  then  if  he  and  cd  be  assumed 
to  be  those  values,  de  and  ab  may  be  laid  off  so  that  the  tangent 
may  be  drawn.  Having  a  series  of  points  and  the  tangents,  the 
curve  may  be  drawn  through  the  points  and  tangent  to  the  tangents. 

Logarithmic  Cross-section  Paper  and  PV*  Curves. — Loga- 
rithmic cross-section  paper  is  n valuable  in  work  dealing  with 
equations  of  the  form  PV'^^C,  By  the  use  of  this  kind  of  cross- 
section  paper  we  find  that  the  drawing  of  curves  is  replaced  by 
the  drawing  of  straight  lines.  Hence  in  hydraulics  and  in  air 
or  steam  compression  or  expansion,  it  not  only  facilitates  work 
inmiensely  but  it  also  serves  as  a  guide  to  indicate  any  variation 
in  the  law  of  expansion  as  the  variation  of  the  exponent  n  becomes 
immediately  apparent. 

The  curve  PV^=C  has  many  disadvantages: 

1.  It  has  to  be  laid  out  for  each  different  initial  P  and  V. 
For  superheated  steam  the  curve  is  rather  complicated,  as  it  will 
consist  of  two  curves  meeting  at  the  point  where  saturated  steam 
is  converted  into  superheated  steam. 

2.  The  areas  in  the  low-pressure  zone  are  very  inaccurate, 
the  PV^  =  C  curve  being  there  nearly  parallel  to  the  axis  of  V. 
It  does  not  show  at  a  glance  what  happens  when  the  initial 
pressure  is  lower  than  the  boiler  pressure;  what  happens  when 
the  initial  pressure  is  raised  or  lowered;  what  happens  when 
the  exhaust  pressure  is  raised  or  lowered;  what  happens  when 
both  of  these  pressures  are  changed  simultaneously. 

3.  The  whole  diagram  is  not  flexible  and  transparent,  so 
permitting  changes  in  the  lay-out  to  be  made  rapidly  and  their 
effects  to  be  visible  instantly.* 

These  troubles  disappear  when  the  curv^es  PF'*=C  are  plotted 
on  logarithmic  cross-section  paper.     (Fig.  95.) 

If  we  take  the  logarithm  of  both  sides  of  the  equation  PV^=C 
we  still  have  a  true  equation.     Hence 

log  P  +  n  log  7  =  log  C    or    log  P=  -n  log  F+log  C. 

In  this  form,  we  have  the  e(iuation  of  a  straight  line  as  it  is 
evidently  of  the  form  y=7nx-hb. 

Hence,  if  we  plot  the  logarithms  of  the    various  value 
P  and  V  and  the  logarithm  of  the  constant  C,  we  shall 

*  See  Steam-turbiiie  Characteristics,  Holzworth,  Traiui.  A.  8. 
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e  who  have  used  the  slide  rule  know  that  it  is  la' d  off          ^M 

arithmic  scale  but  that  the  divisions  are  marked  with  the       ^^H 

3   themselves   rather   than   with   the   logarithms   of   the       ^^H 

5,    The  divisions  hence  appear  very  irregular.    In  this           S 

"es  or  divides  with  the  aid  of  the  slide  rule  by           H 

•traction  of  lo^arithm:^  and  yet  never  looks          ^H 

'US  of  the i|uantities  multiplied  or divided»^^^^| 
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Similarly,  if  the  subdivisions  on  the  logarithmic  cross-eection 
paper  are  marked  by  the  numbers  instead  of  their  logarithms 
the  straight  line  form  of  the  curve  may  be  laid  off  without  look- 
ing up  the  logarithms.  Nevertheless,  it  is  essential  to  keep 
in  mind  thnt  we  are  really  dealing  with  logarithms.    Hence 

(1)  The  ori^n  on  logarithmic  scale  paper  is  at  the  inte^ 
section  of  the  lines  1  and  1  since  the  log  (1)=0. 

(2)  Multiplying  or  dividing  a  number  by  ten  changes  its 
logarithm  by  1.0,  hence  the  logarithmic  scale  paper  is  divided 
into  squares  of  a  unit  (logarithmic)  each. 

(3)  The  logarithm  of  numbers  between  1.0  and  0.1  would 
lie  between  0  and  —1.0.  It  is  better  to  mark  the  intermediary 
subdivisions  9.9,  9.8,  etc.,  meaning  9.9—10,  9.8—10,  etc. (as  in 
logarithms)  and  so  avoid  the  use  of  negative  quantities.  The 
tenth  division  line  would  be  9.0  and  the  eleventh  8.9. 

(4)  The  intercept  on  the  Y  axis  will  be  log  C,  since  if  log  F=0 
we  would  have  log  P=log  C. 

(5)  The  "  unit ''  or  "  base  "  of  the  logarithmic  scale  cross- 
section  paper  is  5  inches.  On  a  large  paper  these  units  may 
be  repeated  a  number  of  times  to  the  left  or  right  of  the  Y  ans 
and  above  or  below  it.  On  the  right  of  the  Y  axis  the  first  line 
at  unit  distance  is  marked  10,  the  second  is  marked  100,  etc., 
since  the  logarithmic  markings  would  have  been  1,  2,  etc.  At 
unit  distances  to  the  left  of  the  Y  axis  the  first  line  would  be 
marked  0.1,  the  second  0.01,  etc.,  as  the  logarithmic  markings 
would  have  been  —1,  —2,  etc.  WTien  an  origin  has  been  selected, 
it  cannot  be  changed  during  the  calculations.  Decimal  points 
must  not  be  disregarded.  To  lay  off  the  line,  P=0.15V^  or  its 
equivalent  PV~^  =  0.15. 

The  logarithm  of  0.15  is  negative  or  less  than  zero,  hence 
we  find  the  intercept  below  the  origin,  Z,  at  some  point  A.  The 
tangent  of  the  slope  is  2.  This  must  not  be  measured  by  an 
irregular  scale  such  as  the  actual  numbers  appear  to  have.  Prom 
A  lay  off  any  distance,  Aa,  and  at  a  erect  a  perpendicular  ab 
of  twice  the  length  of  Aa.  Through  the  point  6  ao  iouDcL  dimw 
the  line  AbB;  it  will  be  the  recjuired  line^ 

The  converse  is  apparent.     Given 
equation?    The  intercept  on  the  Y 
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Hence 


fore  the  constant.    The  value  of  any  intercept  divided  by  its 
abacisaa  such  as  -v-  is  2,  which  is  therefore  the  exponent. 

the  rectuired  equation  is  r  =  0.15X^    or    PV~^^0A5. 

To  lay  off  the  line  r=2X'«  or  its  equivalent  f  F-t  =  2.  The 
logarithm  of  2  is  more  than  zero,  hence  the  intercept  on  the 
Y  axis  is  above  the  axis  of  A''  and  is  found  at  c.  The  tangent 
of  the  angle  is  positive  and^  by  laying  off  to  the  left  of  the  origin, 
Z,  an  abscissa,  Zd^tZc  the  point  d  is  found.  The  required 
line  \&  dcD. 

To  lay  off  the  line  PV^^^O.S  or  r  =  0.3A'-o»  Lay  off 
any  diHtancc  Zei,  Then  lay  off  Ze^  and  Zf^  eciual  to  twice  and 
three  times  that  tUstance  respectively.  Through  an  intercept 
on  the  Y  axis ^0*3  flraw  a  line  EF  parallel  to  a  line  joining /a 
and  e-j     It  will  )>e  the  recpiired  line. 

Keep  in  mind  that  the  subdivisions  are  logarithmic  and  are 
unequal    Note  the  position  of  L5  and  0.15, 

Relations  between  Temperature ^  VoluizLe^  and  Pressure  for  a 
Perfect  Gas  Expanding  AdiabaticaOy. 


R= 


PaV: 


T2 


Pi_V_2]j 


P\     V/ 


The  general  equation  is  always  true  and  is  therefore  true  in  adia- 

p 
batic  expansion.    These  siniultaneous  values  of  -^  niay  therefore 


be  equated. 


Fa    PxT^' 


/V,V    P2  Vi    (P2\^ 


PIT2 
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rrl       rri 

Ex.  56.  The  area  of  the  piston  of  an  air-compressor  is  4  square 
feet,  the  stroke  is  2  feet.  A  cylinder  full  of  dry  air  at  14  pounds  per 
square  inch  pressure,  temperature  60*^  F.,  is  compressed  adiabatically 
till  the  volume  is  reduced  to  1/4  the  original  amount.  The  air  is 
then  rejected  at  constant  pressure.  Compressor  is  double-acting, 
without  clearance,  and  makes  100  double  strokes  per  minute.  Find 
the  final  pressure  of  compression,  final  temperature  of  compression, 
heat  added  to  the  air,  and  horse-power  to  effect  compression. 

Ex.  57.  Find  the  same  quantities  on  the  supposition  that  the  air 
is  damp  and  the  law  of  compression  is  PV^'^=C. 

Ex.  58.  A  cylinder  of  indefinite  length  contains  3  cubic  feet  of 
air  under  a  pressure  of  200  pounds  per  square  foot  and  at  a  tempera* 
ture  of  300*^  F.  The  pressure  is  varied  so  that  the  gas  expands  ac- 
cording to  the  law  PVh=C  till  the  volume  is  9  cubic  feet.  How 
much  heat  is  added  or  subtracted,  what  is  the  work  of  expansion,  and 
what  is  the  final  temperature? 

Ex.  59.  A  cylinder  of  indefinite  length  contains  4  cubic  feet  of 
air  at  539*^  F.  and  at  a  pressure  of  400  pounds  per  square  foot.  The 
volume  expands  to  ^16  cubic  feet,  the  pressure  varying  in  accordance 
with  the  law  PV'^=C.  Find  the  heat  added  and  the  work  of  ex- 
pansion. 

Ex.  60.  Assume  any  gas  at  any  pressure,  volume,  aijri  tempera- 
tuie.  Let  it  be  heated  or  cooled  irregularly,  and  let  it  do  work  or 
have  work  done  on  it.  The  curve  of  expansion,  which  may  be  a  wavy 
line,  is  given,  viz.,  all  the  ordinates  and  abscissae  can  be  measured  to 
known  scales.  At  any  point  of  this  curve  find  how  much  heat  has 
been  expended  and  the  increase  ( +  or  — )  of  the  heat  in  the  gas  above 
the  original  amount  in  the  gas  when  at  the  original  pressure,  volume, 
and  temperature. 

Heat  Energy  Represented  by  Areas.  (Fig.  96.)— Assume  any 
volume  of  any  perfect  gas,  at  any  temperature,  volume,  and  pres- 
sure, in  a  cylinder  whose  envelope  is  impervious  to  heat.  Let  the 
stroke  of  this  cylinder  be  indefinite  in  length.  Let  the  gas  expand 
adiabatically  (expending  its  internal  heat  in  doing  external  work), 
the  resistance  gradually  reducing  to  zero  pounds  absolute.  When 
this  is  done  it  is  evident  that  all  the  heat  in  the  gas  has  been  con- 
verted into  external  work. 
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of  work  in  this  case  over  that  in  the  preceding  one  b  the  area 
00  BEoo  between  the  two  acliabatics.  This  increase  of  work  must 
equal  the  heat  added  to  the  gas.    Therefore 


In  this  case 


WK,{T2-T,)  =  y^(P2-Pr). 


^'  =  ^«  =  ^- 


The  area  ooBEoo 


WR 
V-1 


{T2-T,)  =  WK,{T2-Ti). 


Ex.  62.  If  the  dry  air  iii  the  preceding  example  is  heated  to 
1000*^  F.  absolute,  at  constant  volume,  how  many  foot-pounds  of 
work  could  be  obtained  from  it  if  it  were  expanded  infinitely? 


pj 


:l-jL-[a 


-Vs — >- 
vr- 


FiG.  98. 


3.  Let  the  gas  at  P^  Vu  Ti  gain  or  lose  heat  so  that  the 
expansion  line  BE  is  formed.  Draw  the  acliabatics  through  the 
points  B  and  E.  Then  the  total  heat  added  (positively  or  nega- 
tively) to  the  gas  to  do  the  external  work  and  change  the  intrinsic 
energy  from  that  which  it  possessed  at  Pi,  Fi,  Ti  is  »5Ex. 
For  if  to  the  heat  in  the  gas  at  Pi,  Fi,  Ti  (area  ooABoo)  we  add 
heat  equal  to  the  area  x/?£x  (or  subtract  it)  we  obtain  the 
area  ^ABEr/:.  Now  of  tlie  lic^at  ecjuivalent  to  this  latter  area 
we  liave  expended  the  area  A  BEG  in  external  work  and  hence 
that  lieat  is  not  in  the  gas  and  must  tlierefore  be  subtracted. 
This  leaves  tlie  an^a  ^GEoc  as  tlie  lieat  in  the  gas  at  P2,  V2,  T2. 
As  this  is  correct  the  total  heat  added  to  change  the  state  of  a  ga8 
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i    from  Pi,  Vu  Ti  to  P^.  F2,  ^3  is  equal  to  the  area  enclosed  by 
I    ite  PV  curve  and  the  two  adiabatics  of  the  two  states. 

^^^^  Fig.  99. 

'  Ex.  63.  If  the  dry  air  in  Ex,  61  were  heated,  the  temperatum 
being  kept  constant,  and  its  volume  doubled,  show  that  its  final 
energy  is  the  same  as  its  initial  energy, 

4,  Suppose  the  gas  in  the  preceding  case  neither  gains  nor 
loses  heat*    Tlie  heat  in  the  gas  remains  constant  and  the  curve 

^^  Fio.  100. 

'  BB  13  isothermal.  If  the  gas  docs  work,  it  must  receive  heat  a3 
fast  as  it  loses  it  in  doing  external  work.  If  work  m  done  on  the 
gas,  then  the  heat  in  the  gas  would  increaBe  unless  it  were  cooled,. 
the  loss  of  heat  being  measured  by  the  work  done  on  the  gas. 

By  su  pposi  tion  c«  A  Btj  =  ^  GM  qo  ; 

but        o^ABE^  =  oo^Bco  +oci?/?«3  -  <r.GE<^  +ABEG. 

•     -^E<x^-^ABEG. 


-Vr- 
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If  B  represents  the  initial  state,  then  the  gas  expands,  receives 
heat  as  heat  and  loses  it  in  doing  external  work.  If  E  represents 
the  initial  state,  then  work  is  done  on  the  gas  in  compressing  it  to 
B  and  heat  must  be  taken  from  the  gas  to  keep  its  temperature 
constant. 

Ex.  64.  If  the  air  in  Ex.  61  were  expanded  adiabatically  till  its 
volume  was  trebled,  what  would  be  the  external  work  done  and  what 
would  be  its  loss  of  heat? 

The  preceding  demonstrations  enable  us  to  give  graphic  solu- 
tion to  the  two  fundamental  equations  of  thermodjmamics: 

dH^K^dT+PdV, 
dH^Kj4T-VdP. 

The  first  of  these  was  written  by  Clausius. 

dH^K^T-^-dL+dU. 


iwoiii 


In  this  equation  K^T  represents,  as  before,  the  increase  in  1 
tlie  intrinsic  energy-  of  the  gas,  whilst  dL  represents  the  work  d^^ 
nioKHnilar  separation  and  dU  represents  external  or  \'isible 
Some  heat  nmst  l>e  expended  in  separating  even  the  mc 
pt^rfei*t  g:\Si*s.  since  they  must  have  some  attraction  fa» 
because  they  have  mass.     In  practical  work  this  j 
to  be  neelecteil. 
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Let  ade . . .  represent  the  path  of  the  gas.  Through  the  points 
a,  df  Cf  .  .  .  pass  both  an  isothermal  and  an  adiabatic.  The  area 
between  the  adiabatic  and  the  base  is  in  each  case  equal  to  the  heat 
in  the  gas.  At  a  the  heat  in  the  gas  is  KJTi ;  at  d  the  heat  in  the 
g^  is  K^{Ti+dT).  The  work  done  badc^PdV,  Let  dff =heat 
added.    Then 

K^Ti  +dH=-K^{Ti  ^dT)  +PdV 

dH^KJT+PdV. 

To  derive  the  formula  dH^KjAT-VdP. 

Let  ade  ...  be  the  path  of  the  fluid.  Through  a  draw  an 
isothermal  Ti  and  an  adiabatic.  Let  the  next  higher  isothermal 
Ti  -hdT  be  d/.    The  heat  in  the  gas  at  a^K^Ti, 

The  heat  in   the   gas   at  f=K^{Ti-¥dT).    The  heat  added 


FiQ.  102. 
in  going  from  a  to  f^{bafg^K^(Ti+dT)\-K^Ti=^KJT+bafg 

The  path  of  the  fluid  is  from  a  to  d,  however.  The  heat  in 
the  ga?  at  d  and  /  is  the  same  since  those  points  are  on  the 
same  isothermal.  To  reach  the  point  d  from  /  the  gas  must  be 
cooled  or  heat  must  be  subtracted  equal  to  the  area  dcgf. 

Since  df  is  an  isothermal,  (dc)X{dk)  =  (fg)X(fh),  Subtract 
the  common  area  {hm)X{mc)  and  we  have  kdmh^mfgc.  Adding 
the  common  area  dfm  to  each  side  and  we  have  kdfh  =  dcgf,  but 
kdfh^VdP;  therefore  the  heat  expended,  dH,  ^Kj4T-VdP. 
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Camot  Cycle. — ^The  term  cycle  may  be  used  to  indicate  a  pmod 
of  time  in  which  a  series  of  events  repeat  themselves;  a  closed  figure 
that  may  be  a  graphic  description  of  a  recurring  series  of  events, 
or  a  series  of  operations  bringing  the  thing  operated  upon  to  its 
original  state.  The  Camot  cycle  is  a  cycle  of  operations  per- 
formed on  a  perfect  gas  working  in  an  engine  of  perfect  mechan- 
ical eflSciency,  and  it  will  be  proved  that  the  thermodynamic— 
heat  converted  into  mechanical  work — eflScienc}'  of  this  engine 
is  the  highest  that  can  be  obtained  by  the  use  of  an)-  substance  or 
combination  of  substances  in  any  engine  working  in  any  other 
cycle  between  the  same  limUs  of  temperature.  The  practical  engine 
as  it  improves  approaches  this  efficiency,  but  can  never  attain 
it.  In  other  words,  the  nearer  the  efficiency  of  any  heat-engine 
is  to  that  of  the  Carnot  cycle  efficiency  (between  the  same  tem- 
perature limits)  the  nearer  it  is  to  its  highest  attainable  perfection. 

Note  carefully  in  the  Carnot  cycle  that — 

(1)  All  the  heat  received  as  heat  is  at  one  temperature  and 
that  is  the  highest. 

(2)  That  all  the  heat  rejected  as  heat  is  at  one  temperature 
and  that  is  the  loxcest. 

(3)  In  order  that  (2)  may  l)e  so  the  heat  of  the  substance 
must  be  loweretl  by  an  adiabatic  expansion  in  which  the 
heat  that  disapjx^ars  does  so  in  doing  mechanical  work. 

(4»  In  order  that  (1)  may  lye  so  the  gas  must  be  compressed 
aihabatically,  s<i  that  all  the  heat  receiveil  as  heat  may  be 
received  at  the  hif]:hest  p<x<sible  temperature. 

In  order  that  we  may  control  absolutely  the  gain  and  loss 
of  heat,  let  us  imagine  a  cylinder  (Fig.  103)  made  of  a  material 
that  is  absolutely  iniper\'ious  to  heat  and  has  zero  specific  heat. 
In  other  wonls,  it  takes  the  temjxTature  of  the  gas  inside  imme- 
iliately  without  requiring  any  heat  therefor.  The  piston  is  to 
bo  made  oi  the  same  material.  Let  there  be  three  separate 
heads  that  may  he  applied,  at  will,  to  one  end.  One  head,  H,  con- 
tains an  indefinite  anunint  of  luat  at  a  temperature  Ti.  Since 
the  amount  oi  heat  is  intinite  the  witlidrawal  of  any  finite  amount 
will  n  »t  lower  its  top  **iu^.  Let  the  other  head,  C,  contain 
an  intinito  amour  »  Ta.    Since  the  amount  is  infinite, 


i 
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the  a<:itlitJon  of  a  finite  amount  mil  not  raise  its  temperature. 
Let  the  other  head,  A^  be  a  non-conductor  of  similar  material 
to  the  rylinder.  Let  us  imagine  that  we  may  change  heads  in 
any  desired  wa)'^  without  lodng  gas^  that  the  engine  is  single- 
aetitig  (there  being  no  head  in  the  right  side  of  the  cylinder),  and 
that  the  back  pressure  against  the  piston  is  zero  pounds. 


ny^ 


H 


Non 

CO  rid  tin:* 

lor 


X' 


G    Cold  at  F 


^.^ 


Fia.  103. 

Let  .V  be  applied  at  the  end  e,  the  piston  to  be  at  a;  the 
volume  ea  to  be  filled  with  a  perfect  gas  at  /*i,  Vi,  Tj,  and  hence 
W  may  be  calculated  if  the  kind  of  gas  is  known*  The  resistance 
is  Pi. 

L  Replace  .V  with  //;  refhice  the  res]f?tanee  gradually;  motion 
will  ensue  a^  soon  as  the  pressure  is  an  infinitesimal  amount  less 
than  that  called  for  by  the  law  Pi  T"i  =  const.  The  temperature 
will  be  conHtanlly  Ti.  The  pressures  will  be  represented  by  the 
nrdinates  of  the  isothermal  curve  ai6i.    The  work  done  will  be 

QY 

<»ibiFiFi*    The  ratio  of  expansion,  r,  mil  be  ^^rr-    '^^  external 


is  equal  to ^^^^p: — '■-.     No  heat  has  been  received  and  the  tem- 
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work  will  be  PiVilog,  r,   or  its  equal,  P2V2  log.  r.    The  heat 
received  will  be  equal  to  the  work  done,  or  WRTi  log.  r. 

2.  At  b  replace  H  by  N.  Allow  adiabatic  expansion  till  *he 
end  of  the  stroke.  The  pressures  will  vary  in  accordance  with 
the  ordinates  of  biCi .    The  work  will  be  the  area  of  6iCi  F3F2,  which 

^2^^— P3F3 

r- 

perature  has  been  reduced  to  Tsj  the  temperature  of  the  head,  C. 

The  loss  of  intrinsic  energy  equals  WKv{Ts-T2).   To  accomplish 

this,  however,  we  now  see  that  the  point  61  in  the  stroke  must  be 

To     /V  \^^^ 
chosen  in  accordance  with  some  law.    We  know  that  tt  =  (  tt  )      1 

T2     /OVzy-^ 
or  in  our  case  ^  =  V  OV"/      '    ^'^^^^g  ^2,  T'a,  and  OFs,  we  can 

readily  find  OV2. 

3.  The  return-stroke  must  be  made  by  the  action  of  some 
outside  force  tending  to  compress  the  gas.  Replace  N  with  C. 
Compressing  the  gas  (by  doing  work  on  it)  tends  to  heat  it  and 
therefore  increase  the  pressure  that  now  acts  as  a  resistance. 
The  presence  of  C  keeps  the  back  pressure  down,  as  it  keeps  the 
temperature  down  to  T3,  Since  C  is  at  the  lowest  possible  tem- 
perature Tsy  it  is  evident  that  this  resistance  is  the  least  possible. 

It  is  evident  that  cidi  is  the  curve  of  back  pressures  and  thzt 

€idi\\\Vz  is  the  back-pressure  work  up  to  the  point  di.    The  heat 

equivalent  to  this  work  is  wasted.    But  we  have  made  the  wasi3 

as  small  as  possible  by  using  the  lowest  ^3.    This  wasted  heat  is 

OV3 

4.  The  point  di  of  the  stroke  must  be  chosen  so  that,  if  C  ia 

replaced  by  N  and  the  gas  is  compressed  into  its  initial  volume, 

its  temperature  will  be  increased  from  T3  to  the  initial  tempera* 

T2     /FA"-' 
ture  Ti.    Since  7^  =  I  ir  /       ^'^  have 


T 


4   \ovJ 


but  Ti=T3  and  Ti^Ts;  therefore 
T4     Tf 
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or  the  ratia  of  atliabatic  compression  must  equal  that  of  adia- 
batic  expanaion.  From  the  above  ratio  of  volumes  we  may 
write 

or,    OVi 

OFa    OV2' 

or  the  ratio  of  isothermal  expansion  equals  the  ratio  of  isothermal 
compression.     Tlie  work  of  atliabatic  compression  is 


r-i 


r-i 


or  the  work  of  ailiabatic  expansion.    Tlie  gain  of  the  gas  in  in* 
trinsic  ener^  during  compression  is  WKJT1  —  T4). 

Summing  up  results  we  have  the  work  done  in  adiabatic 
expansion  balanced  by  the  work  of  compression,  and  the  heat 
or  intrinsic  energy'  lost  in  adiabatic  expansion  equals  that  gained 
in  adiabatic  compression.  The  net  work  must  then  be  the  difTer* 
ence  between  that  done  in  isothermal  expansion  and  that  re- 
juired  for  the  isothtTmal  compression.    This  is 

PiV,  log.  r- Par,  log.  r=\og.r(P,\\-P^Vz), 
WRlog,r(T^-Tn), 

he  efficiency  h  then  measured  by  the  ratio  of  the  work  done  to 

the  heat  expended  or 

on?  log.  r)(T|-r,)  ^  TV^fa 
tHi?Iog,r)ri  Ti     * 

This  efficiency  is  independent  of  the  gas  and  the  mechanism; 
Ince  it  contains  no  terms  dependent  on  the  gas  or  the  met*hauiifm, 
it  depends  upon  T^^  as  the  efficiency  evidently  increases  with  a 
detTCASe  of  T^*  The  lowest  practical  limit  of  ^3  is  the  temperature 
of  ihe  atmosphere.  Practically,  then,  increase  of  efficiency  is  to 
be  sought  in  increasing  the  initial  temperature  of  the  heat  transfer 
mis.  That  thit^  is  correct  is  seen  in  the  increased  efficiency  of 
engine  i^ith  increase  of  pressure  and  temperature  in  the 
engines,  utilizing  gas  at  still  higher  tcjnperatures,  are 
economical. 
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The  above  cycle  b  reversible.  With  the  non-conducting  cover 
in  place,  permit  the  gas  to  expand  adiabatically  to  d,  replace 
^V  by  C  and  allow  the  gas  to  expand  isothermaDy,  drawing  heat 
from  C.  Exchange  C  for  AT  and  compress  the  gas  adiabatically 
to  by  and  then,  using  the  cover  H  in  place  of  AT,  compress  at  Ti 
until  the  original  volume  is  reached.  In  this  cycle  instead  of  the 
g^  doing  work  it  is  evident  that  work  has  been  done  on  the  gas. 
As  before,  the  adiabatic  areas  will  balance  one  another,  as  will  the 
gain  and  loss  of  heat  in  the  gas  WK^(Ti-Tz).  The  quantity  of 
heat,  WRTz  log.  r,  has  been  taken  from  the  cold  body,  and 
WRTi  log,  r  has  been  added  to  the  hot  body.  Work  equal  to 
WR  log.  r(Ti  —  Tz)  has  been  done  on  the  gas,  the  required  energy 
bdng  supplied  from  an  outside  source.  The  efficiency  of  this 
second  en^ne  running  backward  is  the  same  as  that  of  the  first 
running  forward.  If  there  is  any  cycle  more  efficient  than  the 
Camot  cycle  let  a  third  engine  F,  using  that  cycle,  taking  heat 
A'"  from  the  source  H  and  rejecting  heat  c"'  into  C,  drive  the 
second  engine  which  takes  heat  c"  from  C  and  rejects  heat  h" 
intoH. 

In  some  respects  this  is  like  a  water-wheel  driven  by  water 
from  a  height.  A,  dri\'ing  another  water-wheel  that  takes  the  water 
running  from  the  first  and  restores  it  to  the  original  height  h. 

If  the  power  of  each  engine  is  the  same  A'"  — c'"  =  A"— c",  but 
according  to  supposition 

A'"      ^     A"     ' 

which  will  only  be  true  when  A"'<A".  That  is,  this  system  is 
taking  more  heat  from  the  ooM  Nxly  and  forcing  it  into  the  hot 
IxkIv  than  is  coming  from  the  liot  l>oi!y  into  the  cold  one.  This  is 
a  self-acting  system,  since  each  drives  the  other  <the  amounts  of 
work  of  each  being  e^^uaD  and.  negkvting  friction,  could  theoret- 
ically gi>  on  forever.  We  thus  have  heat  transferred  from  a  cold 
Kxly  to  a  hot  one  by  a  self-acting  apmratiis.  Tiiis  is  contnuy  to 
human  cxix^rience.  Since  our  i^roiy.isc-  bring  us  to  an  untrue 
conclusion  they  must  K^  incv^rriv:.  Hence  engine  f  cannot  have 
a  cycle  n;ore  ix-^rfot^:  than  the  C  le. 

Ex.  65.  Supixxse  the  :'  *  Yiaee«»50%  and 
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the  mechanical  efficiency  of  the  hot-air  engine =65%.  Let  the  fuel 
contain  14,000  B.T.U.  per  pound,  and  the  engine  make  100  cycles 
per  minute.  Find  the  B.H.P.  and  I.H.P.  per  100  pounds  of  fuel  for 
the  following  cycle.  One  pound  of  dry  air  at  14.7  pounds  per  square 
inch  pressure  at  60°  F.  is  drawn  in  per  stroke.  It  is  compressed 
isothermally  and  then  adiabatically  to  1200°  F.  absolute,  receives 
heat  at  that  temperature,  and  expands  adiabatically  to  the  starting 
conditions. 


CHAPTER  VI. 

MEASURING   THE    EFFECTS   OF    HEAT  ON   WATER   AND 

STEAM. 

We  have  seen  that  when  heat  is  added  to  a  substance  a  careful 
analysis  will  show  only  three  elementary  efifects  are  accomplished. 
The  first  two  are  ideal  since  they  are  always  accompanied  by  the 
third.  We  have  found,  however,  that  in  the  case  of  heating  solids 
and  liquids — so  long  as  the  former  are  not  brought  too  near  their 
melting-point  and  the  latter  too  near  their  point  of  vaporization — 
the  heat-equivalent  of  the  internal  and  external  work  is  practically 
negligible,  and  hence  all  the  heat  is  expended  in  raising  their 
temperature. 

If  the  specific  heat  of  ice  is  .5,  how  many  B.T.U.  would  be 
required  to  raise  3  pounds  of  ice  from  -43°  F.  to  32°  F.? 

3 X.5X75  =  112.5  B.T.U. 

The  above  number  of  thermal  units  would  be  absorbed  by  a  piece 
of  ice  weighing  3  pounds  that  had  been  cooled  artificially  to 
—  43°  F.  and  then  placed  in  open  air  whose  temperature  was  32^  F. 
Melting  of  Solids. — When  solids  molt  and  l)ecome  liquids  the 
variation  in  volume  is  slight,  and  we  may  say  that  all  the  heat  is 
spent  in  overcoming  certain  molecular  attraction  forces.  To  melt 
the  above  quantity  of  ice  or  convert  3  pounds  of  ice  at  32°  F.  to 
water  at  32°  F.  would  require,  since  the  latent  heat  of  water  is 
144  B.T.U., 

3X144  =  432  B.T.U. 

Boiling-point  of  Water. — If  we  heat  the  3  i)ounds  of  water 
at  32°  F.  we  have  seen  tliat  there  will  he  a  slight  and  slow  forma- 
tion of  vapor  at  the  surface  of  the  liquid  at  various  temperatures. 

160 
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Rapid  boiling,  where  the  steain  is  formed  at  the  heating  surface 
and  rises  through  the  liquid  to  its  surface,*  mil  always  take  place 
it  the  same  temperature,  in  the  open  air^  at  the  same  locality.  (It 
'is  well  know^u  that  the  presence  of  gases  and  salts  in  the  water  and 
the  roughness  and  cliaracter  of  the  containinig  vessel  may  change 
■file  boiling-point  by  one  or  two  degrees.)  Hence  the  vapor  tension 
equals  the  pressure  on  the  sui'face  of  the  liquid.  If  the  atmos- 
pheric pressure  is  14.7  pounds  per  square  inch,  the  water  will  boil 
at  212°  F, 

^Let  us  put  3  pounds  of  water  in  a  cylinder  13.54''  in  diameter^ 
>  that  the  are^  will  be  exactly  1  square  foot.  The  height  of  the 
at^r  will  be  a*j  a*j^^  '^^*^*    '^^^^  calculation  is  only  made  to 


I 


62.425 
show  that  the  volume  of  the  water  may  be  neglected  in  future 
calculations. 

The  pressure  of  the  atmosphere  on  the  water  may  be  replaced 
y  a  piston  weighing  14.7x144  =  2116,8  pounds.  To  the  actual 
weight  of  any  piston  that  we  might  useaf  exposel  to  atmospheric 
pressure,  tliis  weight  must  be  added  to  obtain  the  absolute  pressure 
on  the  water. 

I  If  w^e  determine  the  temperature  at  wliich  the  water  boils 
under  a  series  of  pistons  of  different  w^eights,  we  shall  find  that  the 
temperature  increases  with  the  weight*  but^  in  no  simple  propor- 
on.  Regnault  has  done  this  work  for  us  in  a  most  careful  way^ 
ami  given  us  the  following  empirical  formula  connecting  the  pres- 
sure anil  the  observetl  teuiperature  at  which  boiling  took  place; 


Log  P -. 4  + 5m' +  Cn', 


LogP-.4-y- 


yf2* 


where  A^  B,  m,  n  are  detertiuned  constants  and  /  is  the  temperature 
of  the  txiiling  water  in  degrees  Centigrade* 
^1      Hankine's  formula  is  equally  ilifHcult  to  apply: 

where  vl,  Bf  and  C  are  constants  and  T  is  temperature  of  the  boiling 
w*ater  in  decrees  Fahr,  absolute. 

Practically,  then,  it  is  essential  to  refer  to  a  set  of  tables  to  find 

♦i'or  a:i  extended  d.seiiss.o  i,  !*ee  Ha^-a.i'e^  Mf tiler n  Steam  Bnter^ 

i 


162         THE  STEAM-ENGINE  AND   OTHER   HEAT-MOTORS. 

the  pressure  corresponding  to  any  boiling-point  or  to  find  the 
boiling-point  corresponding  to  any  pressure. 

Heat  of  the  Liqoid. — If  we  assume  that  the  specific  heat  of 
water  is  unity  throughout  its  range  from  32°  F.  to  the  boiling- 
point,  we  do  not  need  tables  to  find  the  quantity  of  heat  necessary 
to  raise  W  pounds  of  water  from  one  temperature,  <i,  to  another,  <2j 
as  it  is  simply  Wx\  X(^2-^i). 

Wlien  considerable  accuracy  is  necessary  we  must  refer  to  the 
tables,  as  the  specific  heat  of  water  is  not  constant.  The  actual 
number  of  B.T.U.  that  are  required  to  heat  water  from  32°  F. 
to  any  other  temperature — which  is  a  boiUng-point  at  some  pressure 
— have  been  calculated  and  tabulated.  The  increase  in  the  specific 
heat  at  high  temperatures  is  due  to  the  increase  of  internal  work 
as  the  water  approaches  the  concUtion  of  steam.  If  the  pressure  is 
high  enough  the  molecular  condition  of  the  water  at  the  boiling- 
point  does  not  diff'er  from  that  of  steam;  in  other  words,  the  latent 
heat  has  become  zero.  This  temperature  is  called  the  critical 
temperature, 

I^roblem, — How  many  B.T.U.  does  it  take  to  heat  one  pound 
of  water  from  62°  F.  to  the  boihng-point  under  a  pressure  of  400 
jxnmds  per  square  inch?  If  the  specific  heat  is  assumed  to  be 
constant,  the  IxnUng-jx^int  (by  the  tables)  being  445°  F., 

(445°-62°)  =  383  B.T.U. 

If  the  tables  are  used,  for  variable  spxxMtic  heat, 

419.S^30.12  =  ;^S9.(K^  B.T.U. 

In  this  calculation  30.12  measure.^  the  heat  of  the  water  above 
t^  F.  initially,  and  419.S  measures  the  heat  in  the  Uquid  above 
32^  F.  tinally.     Ilonoe.  in  i^nieral.  if 

qx  --heat  in  tlio  liquid  alxn'e  32"  F.  inirially, 
t^\»--I\oat  ill  the  liv|uivl  above  32^^  F.  riruilly. 
Heat  addiHl  -   .-;,-C:'  R-T.U. 

The  alxne  ditToronoo  •jf  tvdS  IvT  V.  is  :ii^  v.:  2^  'A  the  total. 
The  error  ivr  viogriv  a:  4<X">  p«^u:i  is  r-rts^uro  ::;  using  the  first 
methovl  is  v>.3\ .  houoo  particular  civre  must  Iv  us<.\i  a:  hi^  prea- 

;:iUrt^S. 
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Expansioii  of  Water  when  Heated  to  the  Boiling-poiiit*— We 
have  seen  that  the  volume  occupieil  by  water  at  32^  F»  is  negligiblej 
and  we  shall  now  inclieate  the  iniportanee  of 
the  external  work  that  h  done  wlien  water  is 
heateil  umler  pressure  up  to  its  boihng-point. 

Fig,  104  represents  a  cylinder  13.54"  diam- 
eter or  1  square  foot  in  area  containing  3 
jiounds  of  water  at  ^^2^  F,  Linder  a  piston,  P, 
that  IB  to  take  the  place  of  tlte  atmospheric 
pressure,  and  therefore  weiglis  2U6.S  pounds. 
Let  us  put  on  this  piston  a  shaft  of  A^Tought  iron 
12"  in  diameter  and  some  23'  long.  Heat  is 
added  till  the  water  is  brought  to  the  boiling- 
jxiioti  which,  by  trial,  is  found  to  be  307*^  F. 
How  much  heat  was  added?  and  show  how 
much  was  spent  in  doing  the  external  work,  i.e., 
raising  the  shaft  by  the  expansion  of  the  w^ator. 

The  absolute  pressure  corresponding  to  a 
boiling-point  of  307*^  F*  is  74.5  poun<ls  per 
square  inch*  The  total  weight  of  shaft  and 
piston  will  be  74.5X144  =  10J28  pounds. 

By  fornmla,  the  heat  added  is  3  X 1 X  (307**  - 
32*')=825B.T.U, 

By  the  table,  the  heat  added  is  3^j  orSx 
276.9 -83?V7  HT.U. 

The  increase  in  volume  of  the  water  v^ill  be  about  10%  of  the 
original  volume, 

.0483x:l  =  ,0048;i  cubic  feet. 


Fig.  km. 


The  external  work  will  be 

10738  X. 00483 
778 


=  ,07BXtJ., 


which  tnay  be  neglected. 

Vaporizing  a  Liquid  at  its  Boiling-point.— Let  h^t  be  added 
to  the  boiling  water.     We  note  two  effects,  (b)  and  (c) : 

1.  Notwithstanding  the  addition  of  heat,  the  temperature 

of  the  water  remains  constant  at  307^  F, 
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2.  The  piston  and  shaft  rise  until  they  are  17.28  feet  above 
the  original  position,  or,  to  be  more  accurate,  the  bottom  of 
the  piston  is  17.28  feet  above  the  bottom  of  the  cylinder. 

If  we  experimented  with  shafts  of  different  weights  we  might 
ultimately  discover  Rankine^s  formula  connecting  pressure  and 
volume,  viz.,  P7^*  =  475.  Practically,  however,  it  is  easier  to  use 
the  table,  and  we  there  discover  that  one  pound  weight  of  steam  at 
74.5  pounds  pressure  per  square  inch  absolute  will  occupy  a  volume 
of  5.76  cubic  feet,  and  hence  3  pounds  of  water  converted  into 
steam  will,  at  that  pressure,  occupy  3X5.76  =  17.28  cu.  ft.  The 
actual  rise  of  the  piston  is  therefore  17.28 -.0483  =  17.2317  feet. 

As  the  temperature  of  the  liquid  does  not  change,  but  a  liquid 
is  changed  into  a  gas  and  external  work  is  done,  we  see  that  all 
heat  is  expended  in  doing  two  things  only : 

(6)  Separating  the  molecules  of  the  liquid. 
(c)  Doing  external  work. 

The  purely  theoretical  value  of  (6)  may  be  obtained  by  measur- 
ing the  sum  of  h  and  c  and  subtracting  the  value  of  c,  which  may 
be  measured  directly.  The  sum  of  h  and  c  is  called  the  latent  heat 
and  is  found  in  the  tables  under  that  title.     (See  Table  VIII.) 

Latent  heat  of  evaporation  at   74.5  pounds  per  square  inch 
=  89S.()  B.T.U.  =  Li. 

.'.  Latent  heat  of  3  poumls  weight  of  steam  at  that  pressure 
=  3X898.6  =  2095.8. 

The  lieat-equivalent  of  the  external  work  is 

1,X72SX17^S^,3^^  B.T.I-., 

239  1 
or  -  :,--  =  79.7  B.T.r.  per  pounil  of  steam  =  .-lpM. 

The  vahie  of  the  [h^  event  per  pound  wouLl  be 

2t)9r).8-2.S9.1  .     ,.  ^,. 
.- 818.9  B.T.r.  =./>!. 

This  value  will  be  found  tabulateil  under  the  head  of  Heat  Required 
to  Overcome  Internal  Resistance  =/9. 
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We  may  now  tabulate  all  our  results  per  pound  of  steam.    Let 


^Total  h/^at  required 
I  to    prmiuce    one 

I  pound    of  ste^iu 

I  from     wat€r     at 

I  32"  F. 


-A- 


Ilcat    in    the 
steam 


q  =  liaat  in  the 
li{:|uid 

+ 
/>  =  Internal        1 

workheat  J^at^^^j^^^ 

.4  pti  ^External       I  "■^' 

work  heat  J 


Ixtem&l  i 

work  \ 

^i-=9i+pi4'^pii^-*  276.9+819+79.7, 
where  A^  ^/77a;j0i=pressure  in  pounds  jKTsquare  foot;  u  =  volume 
in  cubic  feet  of  one  pound  of  steam. 

If  the  water  were  originally  at  some  temperature  tt  so  that  it 
contained  52  thermal  units  above  32'^  F.,  then  if 

^  ^2-62^  F.  and  ?2-30  B.T.U., 

^i=9i-o-+iOi+A;j,w  =  276.9-30+819+79J, 
Xl^q^  -</a  +  Li. 
[eat  in  Steam  and  Heat  Required  to  Produce  Steam.— Many 
;nt^  and  t^ome  authors  confuse  those  terms.  Steam  cannot 
jntinuously  made  at  a  constant  pressure  without  the  per- 
I  formanee  of  work,  as  the  continuous  formation  of  st^am  lea* Is 
either  to  an  increase  of  pressure  or  an  increase  of  volume,  'Hie 
condition  of  uniform  pressure  then  necessitates  increase  of  volume 
under  a  pressure,  and  therefore  work.  When  steam  blows  ofiF 
from  a  weighted  safety-valve,  the  heat  thrown  away  is  the  heat 
required  to  produce  steam,  since  that  steam  was  formed  at  con- 
stant pressure.  The  heat  that  is  required  to  raise  steam  in  a 
closed  boiler  is  not  the  heat  required  to  produce  steam  at  the 
highest  pressure,  since  the  pressure  has  varied  from  that  of  the 
Atmf)sphere  to  that  of  the  highest  pressure. 

In  our  experiment  Avith  a  cylinder  rme  sc{uare  foot  in  area, 
let  the  piston,  weighing  100  pounds  per  square  inch,  rest  on  a 
pound  of  water  at  60^  F,  The  heat  required  to  protlnce  one  pound 
of  steam  from  tliis  water  is  10917  +.305(327.6^-32*')  -  (60^-32^). 
If  the  piston  is  hxed  at  the  top  of  its  stroke  and  the  steam  is 
coole<l  off  till  the  water  at  the  bottom  is  60^  F.,  how  much  heat 
has  been  taken  away?  Evidently  it  is  not  the  quantity  put  in, 
as  the  piston  is  at  the  top  of  its  stroke.  Further,  the  water  at  the 
bottom  of  the  cylinder  does  not  weigh  one  pound,  as  the  cyUnder 
must  be  filled  with  steam  at  a  temperature  of  60°  F*    If  we  drop 
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the  piston  on  this  steam  and  then  bring  the  temperature  down 
to  60°  F.,  the  cycle  will  be  complete  and  we  will  then  have  ab- 
stracted the  total  heat  put  in. 

To  obtain  the  heat  in  steam,  subtract  from  the  heat  reqmred 
to  produce  the  same  wei^t  of  steam  the  heat  equivalent  of  the 
external  work  done. 

The  engineer  ordinarily  has  no  need  for  steam-  and  water- 
temperatures  below  32°  F.  As  change  of  state  occurs  at  that 
temperature  it  is  \^Tsely  used  as  an  origin  in  the  following  formula 
devised  by  Regnault: 

Total  heat  required  to  produce  steam  =  1091.7 +.305(r°- 32) 
-(^-32); 
where  f°= temperature  of  the  feed-water; 

r°= temperature  at  which  the  steam  is  formed  at  constant 
pressure*. 

If  the  temperature  of  the  feed-water  is  32°  F.,  the  last  term 
disappears,  and  it  is  evident  that  if  the  feed-water  is  at  a  higher 
temperature  than  32°,  less  heat  will  be  taken,  and  hence  the 
last  term  should  be  negative. 

Modifications  of  Regnault's  Results. — After  the  student  has 
used  different  steam  tables  he  will  notice  slight  variations  in 
the  values  assigned  to  the  same  quantities.  The  recent  accu- 
rate and  extensive  experiments  to  determine  the  specific  heat 
of  superheated  steam  has  disclosed  the  inaccuracies  of  the  steam 
tables  based  on  Regnault's  formulas.  These  experiments  have 
shown  that  it  is  extremely  difficult  to  produce  and  maintain 
steam  in  an  exactly  dry  and  saturated  condition.  Small  globules 
of  water  may  float  around  even  in  highly  sup<*rheated  steam  and 
thorough  mixing  is  essential  to  its  production.  Hence  the  diflfi- 
culties  experienced  in  the  attempts  to  produce  continuously 
exactly  dry  saturatc^d  steam  may  Ihb  imagined. 

Fig.  105  and  Table  A  will  show  the  variations  from  the  Reg- 
nault table  as  deduced  by  Dr.  Davis.  The  formula  which  he 
deduces  is  not  accurate  lx.'low  212°  F.  Its  best  range  is  from 
212°  F.  to  t(K)°  F. 

Total   heat   reiiuired   to   produce  one   pound   of  steam   is 
//  -  1 150.:^  I  ().3745(/°-212°)  -0.000550(/°-212°)2. 
"  ^es  given  in  this  book,  however,  an^  based  on  Regnault  s 
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formulas.     In  the  middle  range  of  temperatures  they  are  in  error 
one^half  of  one  per  cent  which  is  unimportant  to  engiiieeiB* 
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Fig,  105. — Deviatioii  in  B.T.U,  (from  yaiues  given  m  Peabody  Tables), 

Table  A. 

"BIFFERENCES  BETWEEN  PROPERTIES  OP  DRY  SATURATED 
STEilM  AS  GI\^EN  BY  DAXTS  FORMI'LA  AND  PEu\BODY 
TABLES  (MODIFIED   IN  EIGHTH   EDITION). 


Tiffiipentture, 

Pitwftur*, 

ToiflJ  Kent. 

Spec'ifie 

Vylunne. 

Aliwlute. 

D*vii, 

Pisubody. 

Dsvi9, 

Peifcboiiy. 

32 

0.089 

1073.4 

109K7 

3294 

3395 

100 

0  949 

1103.6 

1112.4 

349.7 

354.7 

212 

14.7 

ni)0.3 

i 146.6 

26  7(1 

26.66 

327.8 

100 

1180.3 

1181.9 

4  412 

4,409 

358  5 

150 

1193.4 

1191  9 

2  ms 

3.016 

381.9 

200 

1198.1 

1198.4 

2  j7 

2.2<.>9 

401.0 

250 

1201 ,5 

1204  2 

1    KS7 

1  858 

417-4 

300 

1204.1 

1209  3 

I   />40 

I  .558 

426.3 

330 

1205.3 

1211  y 

1.403 

1.417 

Use  of  Formulas. — In  text-books  fonnulas  are  ordinarily  given 
for  latent  heat  and  internal  latent  heat,  as  well  as  other  forms  for 

I  he  total  heat,  sueh  as 
1082  +  .305f°-(P-32), 
I    The  constant  repetition  by  the  student  of  one  fundamental 
bnnula,  in  different  phases,  will  result  in  a  better  comprehension, 
by  him,  of  the  meaning  of  each  of  the  items  of  heat  expenditure 
than  he  will  obtain  by  the  use  of  separate  formulas* 
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The  stiKlf  Dt  should  have  a  few  rough  guides  as  to  the  relative 
importance  of  lieat  quantities  and  their  variation  with  pressure. 
For  instance,  let  him  examine  the  amount  that  external-work  heat 
varies  from  80  B.T.U.  for  pressures  between  80  and  250  pounds  per 
square  inch.  Similariy  note,  for  the  same  range  of  pressures,  the 
variation  of  the  total  heat  from  1190  B.T.U.  (Fig.  106)  Table  MD. 

Quality  of  Steam* — ^Steam  formed  in  a  steam-boiler  is  always 
saturated  steam,  as  the  space  over  the  water  contains  nothing  but 
the  vapor  of  water,  i.e.,  the  space  is  saturated.  This  steam 
may  be  either  dry  saturated  or  wet  saturated  steam.    If  it  con- 


mit% 


Pottnds  Prc^^ufe 


230;ila. 


Fig.  106. 


tains  per  pound  the  number  of  thermal  units  called  for  by  tht 
above  formula  of  Regnault.  it  is  dry  saturated  steam;  if  it 
(ontain  a  less  number,  it  is  wet  saturated  steam.  If  this  dry 
steam  passers  through  jnpes  or  tubes  and  has  more  heat  added 
to  it,  then  it  is  lalled  superheated  steam.  Hence  dry  steam 
may  be  either  saturattul  or  superheateil  steam;  usually,  however, 
the  term  dry  is  restrirted  to  dry  saturated  steam. 

Ex.  68.  How  many  H.  T.  V.  are  required  to  convert  feed-water 
atTO^^F.  into  steam  at  327^.0  F..  pressure  100  pounds  absolute?    If 
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the  volume  occupied  by  1  pound  weight  of  this  steam  is  4,4  cubic  feet, 
find  the  internal  latent  heat, 

Ex.  69.  A  10"  X 10"  steam-pump  using  steam  full  stroke  at  100 
pounds  gage  pressure  makes  40  double  strokes  a  minute.  If  half 
the  steam  that  enters  the  pump  is  condensed,  find  the  work  done 
per  minute  in  foot-pounds »  the  number  of  pounds  of  steam  used  per 
hour  by  the  pump,  and  its  efficiency, 

Ex.  70-  The  thermal  efficiency  of  an  engine  is  14%,  How  many 
pounds  of  feed-water  will  it  require  per  horse-power  hour  if  the  boiler 
pressure  is  150  pounds  and  the  temperature  of  tlie  feed  is  70^  F.  ? 

Ex.  71.  Boiler  pressure  125,  gage:  feed  65°  F.;  engine  uses  20,5 
pounds  of  feed-water  per  hor.se-power,  ^^Tiat  will  be  the  gain  in 
efficiency  if  there  is  installai  a  feed-heater  that  uses  only  \A'aste  heat 
and  raises  the  temperature  of  the  feed-water  to  212°  F,? 

Ex.  72,  A  tank  S'XS'X4'  is  filled  3  feat  deep  with  water  at  50°  F. 
How  many  pounds  of  steam  at  324°  F.  will  be  condensed  in  a  steam- 
coil  in  the  bottom  of  the  tank  in  bringing  the  tank-water  to  the  Vioil- 
in^-point?  (The  condensed  steam  in  the  coils  does  not  cool  below 
324°  F,) 

Ex*  73.  A  certain  boiler  uses  12,000  pounds  of  water  per  hour. 
From  a  catalog  pick  out  a  feed -water  pump.  If  it  uses  per  stroke 
165%  of  the  volume  of  its  steam-cylinder,  find  the  number  of  pounds 
of  water  pumped  per  pound  of  steam. 

When  steam  is  formed  slowly  and  carefully  in  a  well-lagged 
vessel^  such  steam  i^  always  dry  saturated  ste^im.  If  the  steam 
be  fomied  rapiilly  and  there  are  \dalent  steam  currents  it  is  easy 
to  see  how^  small  vesicles  of  water  may  be  swept  along  by  the 
current  of  the  steam.  More  heat  must  be  spent  on  these  ininute  # 
drops  of  ivater  to  convert  them  into  steam,  Tliis  extra  heat  is 
evidently  a  percentage  of  the  latent  alone^  since  the  drops  have 
the  same  temperature  as  the  dry  steam  by  w^hich  they  are  carried. 

Wet  Simm. — As  w^et  steam  does  not  contain  the  same  number 
of  heat-units  as  dry  steam  and  is  much  less  efficient  for  use  in 
steam-engines,  it  is  necessary  to  have  instruments  to  measure  its 
degree  of  wetness  or  its  quality.  Whether  the  boiler  formed  wet 
steam,  or  the  wetness  arose  from  condensation  due  to  radiation 
losses?  from  the  steam-pipe,  there  is  little  excuse  for  allowing  w^et 
steam  to  enter  the  engine  since  an  efficient  form  of  separator  near 
the  engine  should  remove  all  the  moisture.    In  measuring  tlie 
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evaporation  of  water  per  pound  of  coal,  impossible  results  have 
been  reported  by  experimenters  through  neglecting  the  measure- 
ment of  the  quality  of  steam  produced.  As  the  moisture  is  only 
water  at  the  boiling-point  and  requires  one-quarter  or  one-fifth 
as  much  heat  as  an  equal  weight  of  dry  steam,  it  is  easily  seen 
how  the  presence  of  only  a  small  percentage  of  moisture  will  ma- 
terially alter  the  results. 

Let  x=the  per  cent  of  dry  steam  in  1  pound  of  a  mixture  of 
steam  and  water,  then 
100— x= the  per  cent  of  water  present. 

If  /ii  =  the  heat  in  1  pound  of  water  above  32^  F.,  then  A2-'ti 
will  l>e  the  number  of  B.T.U.  required  to  heat  this  water  to  the 
boiling-point,  <2,  ^  orresponding  to  A2. 

If  only  X  per  cent  of  this  water  at  ^2  is  evaporated,  the  total 
expenditure  of  heat  ii-ill  be 

xL-y + A  2 — 'u .     or  less  accurately,    XL2  +  <2  —  <i . 

Problen}, — If  the  quality  of  steam  issuing  from  a  boiler  is  97 
per  cent,  tem|x*rature  of  feed-water  is  120®  F.,  boiler  pressure 
UX)  jKHUids,  gj\ge,  how  many  B.T.U.  are  expended  per  pound  of 
8toam? 

Tlie  toniiHTature  corresjx^nding  to  115  lbs.  abs.  is  337^.9  F, 

L  - 1091 .7  +  .;^(V>v:^^7^.9  -  'A2 »  -  u'^^7^.9  -  32 1  =  S77  B.T.U. 

.97  \S77  -^;W7.9- 120=  10W.09  B.T.U. 
From  the  tables 

.97  \^7c>.:>  ^30S.7  -s<  =  1070.7  B.T.U. 

Superheated  Steam.  -Tho  siwirio  !it\it  of  stoam  at  constant 
pressure  was  detenwinevl  by  Ixeiiiwuh  t  ^  Iv  .-[S05.  and  at  con- 
stant volume  to  Iv  .3UV  P.ies<^  valv.es  !.ave  been  accepted  as 
1  v^nvt  for  pn^i^urt^^  and  tomfx^ratiiros  !::gher  than  those  used 
by  Kecnaul:  iri  his  i  \iv  ritr.er.ts.  luvei.t  exTvriments  show  that 
T'usosiHvirie  heats  vary  with  the  te:r.:vr:\:uri  a:. d  with  the  press- 
i:r^^  v^f  t'.v^  >;;:^Ti\ra:o.i  -:<:\:^i      >  -.    I  i^    J-""^  s:.  i  Table  XV. 

EquivAlent  Evaporation  from  and  at  21^^^  F.— To  say  that  one 
{wiUvi  X :  a  verlai:;  ^vv.',  wiV.  evaivr;.:.^  tv :;  >  \;::  is  of  wat^r  does 
Hv^l  .  or.vov  o\av^:  :r.tv^rv..:;:;v^v..  as  :V,o  :».:;.;::.:  :*  ':uY*t  required  to 
ev;^:\^r:%:e  :i\e  water  WvU*.-  vary    v.  :     v/.y  \\.::.  :he  initial  tem- 
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perature  of  the  water  and  the  temperature  at  whic^h  it  was  evap- 
orated but  also  ^ith  the  quality  of  the  steam.  Otherwise  ex- 
pressed, the  same  nurubex  of  B,T,U,  would  evaporate  ilifferent 
weights  of  water  as  the  circumstances  differed*  Hence  it  Is 
usual  in  boiler  trials  to  reduce  the  rates  of  evaporation  actually 
obtained  to  those  that  would  have  been  obtained  under  certain 
adopted  standard  circumstances.    Tlicse  are: 

1.  That  the  feed-water  should  be  at  212°  F, 

2.  Tliat  the  above-mentioned  feed-water  should  be  con- 
verted into  dry  saturated  steam  at  212°  F, 

The  heat  tlien  would  be  expended  in  converting  water  into  steam 
from  ond  at  212^  F.  By  reducing  the  results  obtained  in  all 
boiler  trials  to  this  standard*  a  result  is  obtained  that  expresses 
the  combined  effii-ieney  of  the  coal,  the  boiler^  and  the  method 
of  firing.  It  is  desirable  t«  separate  these  factors,  but  experience 
will  prove  that  it  is  difficult  to  do  sd. 

PrMeni. —-W\iB.i  is  the  equivalent  evaporation  if,  on  a  trial, 
a  certain  coal  evaporated  9  pounds  of  water  from  feeil  at  120°  F., 
the  quahty  of  tlie  steam  being  97%,  boiler  pressure  100  pounds 
per  gage? 

All  the  water  is  raised  from  120'=*  to  337.9"^  F.,  and  then  97% 
of  it  13  converted  into  ste^m  at  337.9^.    Latent  heat  ^  876p3'^» 

91 ,97X876.3  +337.9  - 1201  =  1067,9  X9; 
96111 


966 


-9.95, 


Ex.  74*  Find  the  heat  required  to  produce  one  pound  of  Bteami> 
at  324^  F,  from  feed  at  60^^  F,  The  quality  of  the  steam  is  97%. 
What  will  be  the  equivalent  evaporation  from  and  at  212^^  F.7 

Ex,  75,  The  efficiency  of  a  boiler  is  70%.  If  coal  is  burned  whose 
composition  b  C  =  S6,  H  =  S,  0  —  4,  how  many  pounds  of  steam, 
quality  98%,  will  be  made  per  |>ound  of  coal  from  feed  at  180^  F.? 
What  is  the  equivalent  evnporatitm? 

Ex.  76*  Given  one  pound  of  wet  steam  at  358°  F,,  quality  97%, 
how  many  B.T,U,  will  be  required  to  superheat  the  steam  75*  F.f 

Ex,  77,  What  is  the  equivalent  evaporation  per  pound  of  com- 
bustible if,  on  a  test,  there  is  10%  ash  and  one  pouod  of  coal  is  found 
to  evaporate  9  pounds  of  water  from  feed  at  100°  into  superheated 
steam  at  400"^  F,,  hnJUj  pressure  being  120  pounds^  gage? 


172        THB  STEAM'EXGfXE  AND  OTHER  HEAT-MOTOBS. 
Methods  of  Determining  Dryness  of  Steam. 

1,  By  the  Barrel  Calorimeter. — Tins  method  is  tlieoretically  but 
not  practically  accurate.  The  steam  to  be  teateil  is  conveyed 
by  a  pipe  (the  lower  enii  of  which  i??  perforatetl  vnth  sniall  holes) 
to  the  bottom  of  a  barrel  that  rests  on  i>latfomi  scales.  The 
perforations  in  the  pipe  prevent  bursting  the  barrel  by  a  too  free 
admission  of  steam.  Tlie  water  on  being  heater]  by  the  steam  raus^t 
be  stirred,  if  necessary,  to  olitain  water  of  uniform  temperature. 

Let  Wi  =  the  initial  weight  of  eool  water  and  h  its  temperature. 
If  t2  is  its  final  temperature, 

Wi(t2^h)  =  increase  of  heat- 


If  a;-=ltib  quality  of 
the  steam  added, 
W2  =  final  weight  of  niix- 

ture, 
lf^-^fPj«  weight  of  wet 

steam  added, 
1/3  =  latent  heat  of  steam 

at  given  pressure, 
^3  ^  temperature  of  steam  at  given 

pressure, 
iW2-W^)izL^+t:^^l2)=heEi  lost  by 

the  steam, 
W,{t2-f,)  ^(W2^W,)ixL^  +  h't2)^ 
The  quality  of  the  steam, 

or  more  accurately,  use 

f^if  fhf  Ih  for  /p  hf  and  ^3, 


Fig.  107. — The  Separator  Calorimeter, 

For  example,  suppose  steam  is  run  into  a  barrel  of  water 
weigliing  200  pounds  at  6CP  F.  Tlie  final  weight  is  20S.5  pounds 
at  105"^  F.     Boiler  pressure  is  85  pounds  gage,  and  the  corre* 
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sponding  temperature  is  327^*6  F,     What  is  the  quality  of  the 

steam? 
I  200(105  -  60)  =  (208,5  -  200)  (xSS4  +327  - 105). 

^^     2,  Carpenter's  Separating  Calorimeter  (Fig.  107). — ^The  amount 

I     in  pounds  of  dry  steam  (at  P  j^ounds  per  st|uare  inch  absolute) 

,     that  will  flow   through  an  orifice  of   .4   square   inches  area  is 

PA 

^=Jr-  (Napier's  formula).      The  amount  of  dry  steam   that  will 

flow  through  a  given  orifice  in  a  given  period — ten  minutes, 
for  instance — can  be  determined  by  trial  or  can  be  calculated  and 
tabulated  for  various  prc^ssures.  If  wet  steam  flows  tlirough  a 
separator  for  a  period  of  ten  nunute-s  the  amount  of  dry  steam 
escaping  througli  the  orifice  may  be  taken  from  the  table  and  the 
amount  of  water  that  w*as  separateil  from  the  steam  may  be 
w^eighed  or  calculaterl  from  its  volume.  The  Carpenter  calorim- 
eter de|>entls  upon  the  above  [jrinciples. 

3.  Barms  Continuous- water  Calorimeter.— -If  the  wet  steam  is 
made  to  flow  throtigh  a  surface  condenser  it  will  give  up  all  its 
heat  to  the  cooling~wat<^r.  The 
weight  of  the  cooling-water,  Wif 
tnultipUeil  by  (A3— Ai),  corre- 
eix>nding  to  its  rise  of  tempera- 
ture (^2  "  '1)  I  nmst  ec^ual  the  heat 
lost  in  the  same  time  by  the  IF3 
pounils  of  wet  steam  at  ^3^  F., 
that  flowed  through  the  calorim- 
eter and  issues  as  water  at  4. 
Therefore 


4.  The  Throttling-calorimeter 
(Fig.  108)  was  invente<l  by  Prof. 
C*  H*  reabody.  As  will  be  seen 
below  it  is  the  only  form  recom- 
mended by  the  Committee  on 
Standards.  Steam  at  high  pressure  contains  mnro  heat  than  an 
equal  weight  of  steam  at  low  pressure.    When  steam  is  allowed 


FiQ*  106,— Carpenter's  Patent 
Thro  tt  lin  g-calori  m  eter. 
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to  (»xpan(l  suddenly  from  a  high  to  a  low  pressure,  forming  eddies 
and  doing  no  useful  work,  the  excess  of  energy  or  heat  must  be 
taken  up  in  some  manner.    If  the  steam  at  high  pressure  contains 


1$   CivNSv'Tl 

1:;  i 


■.i   la<  ■.... 


!rit= 
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:    0.  r.vtr:  :::o  moLsture  mio  steam 

:<  <::..  a::  i\ve:?5?  ■:!  heat,  then  all 

\M..  .  t  s;.:  irl.cotei  until  the  excess 
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(screwed  into  the  main  steam-pipe  and  the  VdXvt  C]  into  the 

chamber  yi.  Ordinarily  the  exit  to  -4  is  so  great  that  the  pressure 
therein  is  tliat  of  the  atmosphere*  If  the  exit  be  throttled  in  any 
way  the  press  ore  is  shown  on  the  U  tube  or  manometer,  which  is 
filled  with  mercury  to  the  zero-points  before  attachment  to  A. 

In  preceding  discussions  we  let  x  =  the  quality  or  dryness  of 
the  steam.    In  this  caa*  we  shall  let 

y  =  peT  cent  of  moisture  present  j 

Ti  ^  temperature  of  the  moist  steam; 
hi  and  Li  ^heat  of  Uquid  and  latent  heat  corresponding  to  Ti; 

T^  ^  temperature  corresponding;  to  manometer  pressure; 
A3  and  L3  =  heat  of  the  Hquid  and  latent  heat  corresponding  to  T2I 

kr^  =  temperature  of  steam  as  shown  by  the  thermometer  in 
the  well  screwed  in  the  chamber  ^4,  where  the  steam 
is  expanding  freely. 

Then  Ai  +  (1  -  y)Li  =heat  to  produce  the  moist  steam, 

I       A3 +ia  + -48(^.-^2) 


heat  in  the  steam  after  expansion 

in  the  w^elL 


If  Tt  is  not  greater  than  T2  the  instrument  cannot  be  used^  as  it 
does  not  give  utilimblf*  rmtUngs. 

I      109IJ  +  ,305(ri-32)-y£.i^  10917 +  . 305(r2- 32) +.48(r.^ra). 
L  .3a5(r,  -  T2)  -  AH(T,-Ta) 


L, 


=y^ 


Ordinarily  T2  is  taken  from  the  tables  by  finding  the  tempera- 
ture corresponding  to  the  sum  of  the  atmospheric  and  manometer 
pressures.  The  Standard  Rules  given  below  do  not  permit  this, 
since  T^  is  taken  with  a  thermometer  that  is  subject  to  radiation 
and  other  errors,  and  further  it  does  not  allow  for  the  radiation  of 
the  chamber  A^  which  may  be  considerable  even  when  well  covered. 

To  correct  for  these  errors  a  Normal  Reading  is  necessary. 
Either  before  or  after  the  test^  take  steam  through  the  end  hole 
of  the  nozzle  only,  from  a  horizontal  pipe,  containing  quie^ent 
steam  at  constant  pressure.    This  steam  is^  in  all  probabiUty,  dry 


176         THE  STEAM-ENGINE  AND  OTHER  HEAT-MOTORS. 

and  the  calorimeter  should  give  such  a  value  for  T  that  the  value 
of  y  should  =  0.  Instead  of  this  it  gives  some  other  value,  r„.  We 
know  that  y  should =0,  therefore  .305(Ti-T2)-.^{Tn'-T2)==0. 

.305(ri-r2)=.48(rn-r2). 

Therefore  the  true  value  of  y  corrected  for  indicator  errors  and 
radiation  errors  is 

A8(Tn - ^2)  -  .48(7,-^2)  _ .48(7^ - T.)  _       Tn-T. 

.48 

Determination  of  the  Water  Equivalent  of  the  Calorimeter.— 

All  instruments  have  to  be  calibrated  to  determine  their  error 
imder  the  conditions  in  which  they  are  used.  They  absorb  heat 
if  they  are  heated,  and  they  radiate  a  part  of  the  heat  that  they 
absorb.    There  are  three  ways  of  allowing  for  these  effects: 

A.  Compute  from  the  known  weights  of  the  apparatus  and 
the  specific  heats  of  the  materials  the  quantity  of  heat  absorbed. 
Let  Ci,  C2,  C3  be  the  specific  heats,  and  TTi,  W2,  W3  be  the 
weights  of  the  component  materials  of  the  apparatus  and  K  the 
water  equivalent  per  degree  variation, 

A'  =  Ciiri+C2TF2+C3Tr3. 

B.  By  draT\ing  into  the  apparatus  that  has  acquired  a  con- 
stant temperature  by  being  exposed  to  water  at  a  definite 
temperature,  a  certain  amount  of  weighed  warm  water  and 
measuring  the  resulting  temperature  after  equilibrium  has  been 
established. 

Let  Wi  =  the  weight  of  the  apparatus; 
TT''2  =  the  weight  of  the  water; 
r3  =  the  original  temperature  of  the  apparatus; 
Ti  =  temperature  of  the  warm  water  drawn  in; 
To  =  the  final  temperature  of  water  and  apparatus. 

Then  W2{Ti-T2)-CWi{T2-Ts)  =K{T2-T^). 


A'=Tr 


T2-T^ 
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C,  By  taking  steam  from  a  boiler  under  steam-pressure,  but 
at  rest.  The  steam  is  therefore  dry.  The  variation  of  the  cal- 
culation vn\l  therefore  be  due  to  the  instrument,  (See  Normal 
Reading,) 

Ex.  78.  What  is  the  quality  of  steam  shown  by  a  Carpenter  calo- 
iieter  if  4.45  pounds  of  dry  steam  escape  from  the  orifice  and  US 
pounds  of  water  are  separated  out?  What  is?  the  diameter  of  the 
orifice  if  the  run  is  25  minutes  long  and  the  pressure  is  fciL5  pounds 
gage? 

Ex.  79.  An  e^cperiment  with  the  Carpenter  calorimeter  gave  the 
following  data:  Duration  of  run,  25  minutes;  gage  pressure,  7S.2 
pounds;  water  separated  out,  0.15  pound;  dry  steam  escaping, 
5,20  p<niiids.     Find  size  of  orifice  and  quaHty  of  the  steam. 

Ex,  Sik  If  the  steam  escaping  from  the  two  preceding  examples 
gave  readings  281°  F*  and  28 L 3^  F,  as  the  temperatures  in  a  Peabody 
throttling-calorimeter,  find  the  quality  of  the  exhaust-steam. 

Quality  of  Steam .^*  **  Wlien  ordinary  saturated  steam  is  used, 
its  quality  j^bould  be  obtained  by  thti  use  of  a  throttling-calorimeter 
attached  to  the  main  steam-pipe  near  the  throttle- valve.  ^Vhen 
the  steam  is  superheated,  the  amount  of  superheating  should  be 
found  by  the  use  of  a  thermometer  placed  in  a  thermometer- 
well,  filled  with  mercury,  in&erte<l  in  the  pipe.  The  sampUng-pipe 
of  the  calorimeter  should,  if  possible,  be  attached  to  a  section 
of  the  main  pipe  having  a  vertical  three tion^  with  the  ste^m 
passing  upwaril,  and  the  samphng-nozale  should  be  made  of  a 
half-inch  pipe  ha\ing  at  least  twenty  one-eighth  inch  holes  in  ita 
perforated  surface.  The  readings  of  the  calorimeter  shouhi  be 
corrected  for  radiation  of  the  instrument »  or  they  should  be 
referred  to  a  "normal  reading,''  as  pointed  out  below.  If  the 
steam  is  superheated,  the  amount  of  superlieating  should  be 
obtained  by  referring  the  reacUng  of  the  thermometer  to  that  of 
the  same  thermometer  when  the  steam  within  the  pipe  is  satu- 
rated, and  not  by  taking  the  difference  between  the  reading  of 
the  thermometer  and  the  temperature  of  saturated  steam  at  the 
observetl  pressure  as  given  in  a  steam-table. 

''If  it  is  necessary  to  attach  the  calorimeter  to  a  horizontal 
*  the  pipe,  and  it  is  important  to  determine  the  quantity 


*  Standard  Rules.    A*  S*  M*  E* 
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of  moisture  accurately,  a  sampling-nozzle  should  be  used  which 
has  no  perforations,  and  which  passes  through  a  stufiing-box 
appUed  to  the  bottom  of  the  pipe,  so  that  it  can  be  adjusted  up 
and  down,  and  thereby  draw  a  sample  at  different  points  ranging 
from  the  top  to  the  bottom.  By  this  means  the  character  of  the 
steam  in  the  lower  portion  of  the  pipe,  where  it  contains  the  most 
moisture,  can  be  determined,  and  especially  that  at  the  very 
bottom,  where  there  is  usually  more  or  less  water  being  carried 
along  the  pipe.  If,  by  preliminary  test,  water  is  found  at  this 
point,  we  recommend  that  a  drip-pipe  be  attached  a  short  dis- 
tance in  front  of  the  calorimeter,  the  end  of  the  drip  being  below 
the  level  of  the  bottom,  and  a  sufficient  quantity  of  steam  be 
drawn  off,  while  the  trial  continues,  to  remove  the  water  and 
cause  the  calorimeter  to  show  dry  steam  at  whatever  height  the 
sampling-nozzle  is  adjusted.  The  quantity  of  water  and  steam 
thus  drawn  off  should  be  determined  by  passing  it  under  pressure 
through  a  separator,  weighing  the  water  after  cooling  it,  and 
the  steam  after  condensing.  If  the  amount  of  water  on  the 
bottom  of  the  pipe  is  so  excessive  that  it  cannot  be  removed  by 
this  means,  or  in  cases  where  the  main  pipe  is  vertical  and  the 
calorimeter  shows  that  the  percentage  of  moisture  varies  widely, 
sometimes  exceeding  three  per  cent,  we  recommend  that  a  separator 
should  be  introduced  before  making  a  test,  so  as  to  free  the  steam 
of  all  moisture  that  it  is  possible  to  remove,  the  calorimeter  being 
attached  beyond  the  separator. 

''To  determine  the  'normal  reading'  of  the  calorimeter,  the 
instrument  should  be  attached  to  a  horizontal  steam-pipe  in 
such  a  way  that  the  nozzle  projects  upwards  to  near  the  top  of 
the  pipe,  there  being  no  perforations  and  the  steam  entering 
through  the  open  end.  The  test  should  be  made  when  the  steam 
in  the  j)ipe  is  in  a  quiescent  ^^tate,  and  when  the  steam-pressure 
is  constant.  If  the  steam-pressure  falls  during  the  time  when 
the  observations  are  being  made,  the  test  should  be  continued 
Ion*!;  enough  to  obtain  tlie  effect  of  an  equivalent  rise  of  pressure. 
When  the  normal  reading  has  been  obtained  the  constant  to  be 
used  in  determining  the  percentage  of  moisture  is  the  latent  heat 
of  the  steam  at  the  observed  pressure  divided  l)y  the  specific  heat 
of    superheated    steam    at    atniosplieric    jHTssurc,  which  is   .48. 
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To  ascertain  this  percentage,  divide  the  numbej^  of  degreea  of 
cooling  by  the  constant  and  multiply  by  100, 

*'To  detemiine  the  quantity  of  steam  u^ed  by  the  calorimeter 
in  an  instrument  where  the  steam  is  passes  1  through  an  orifice 
under  a  given  pressure^  it  is  usually  accurate  enough  to  calculate 
the  quantity  from  the  area  of  the  orifice  and  the  absolute  pressure, 
using  Rankine^s  well-known  formula  for  the  number  of  pounds 
which  passes  through  per  second;  that  is^  absolute  pressure  in 
pounils  per  square  inch  di\ided  by  70  and  multiplied  by  the  area 
of  the  orifice  in  square  inches.  If  it  is  desired  to  determine  the 
quantity  exactly,  a  stean>hose  may  be  attached  to  the  outlet 
of  the  calorimeter  and  carried  to  a  tmrrel  of  water  placed  on  a 
platform  scale.  The  steam  is  condenseil  for  a  certain  time  and 
its  weight  determined,  and  thereby  the  quantity  discharged  per 
hour/' 

Ex.  SL  The  mean  boiler  pressure  during  a  t^t  was  155  pounds 
by  the  gage,  the  barometer  reading  was  29*5  inches  of  mercury,  the 
mean  thermometer  reading  of  boiler  steam  was  367,1°  F.  The  pres- 
sure in  the  manometer  was  equal  to  0  inches  of  mercury  and  3  incties 
of  water-pressure.  The  same  thermometer  that  was  used  in  determin- 
ing the  temperature  of  the  boiler  steam  read  272^  F.  in  the  expansion- 
chamber.     What  was  the  quality  of  the  steam? 

Ex.  82.  Assume  the  data  for  calibrating  the  thermometers  used 
in  determining  the  quality  of  steam. 


CHAPTER  VII. 

MEASUREMENT  OF  HEAT  LOSSES. 

Quality  of  Steam  in  the  Cylinder. — The  amount  of  dry  steam 
in  a  cylinder  of  a  steam-engine  at  the  point  of  cut-off  is  only  50 
to  90  per  cent  of  the  steam  actually  admitted.  It  is  extremely 
important  to  account  for  the  differences  between  the  amount  of 
steam  admitteil  and  that  present  at  cut-off,  because  the  economy 
of  a  steam-engine  is  fairly  well  measured  by  the  numbel*  of  pounds 
of  feed-water  that  are  required  per  horse-power.  Conunencing  at 
the  boiler,  we  may  have — 

A.  Wet  steam  delivered  by  the  boiler. 

B.  Condensation  in  the  steam-pipes. 

C.  Leaky  steam-valves. 

•      D.  Condensation  of  the  steam  in  the  cylinder. 

E.  Leaky  piston. 

F.  Couilonsiition  due  to  railiation  of  heat  from  the  cylinder. 

G.  Couilensiition  due  to  the  jx^rfonnance  of  work  during 
exjvuision, 

A.  Quality  oj  Steam  SupfiUcd  by  the  Boiler. — A  boiler  is  said  to 
give  wet  steam  when  there  is  an  intimate  mixture  of  the  water 
and  steam.  Tlio  IhuKt  is  s:\id  to  Ih^  farming  or  priming  when  the 
water  is  oarrieil  into  the  steam-pipe  in  solid  masses.  A  boiler  may 
furnish  dry  steam  for  months  and  then  start  foaming.  This  may 
Ih»  due  to — 

1.  W\d  fiHHl-waier.  Feevl-waier  containing  soap,  oils,  salt, 
nir.oilairiiuHis  matter,  or  certain  vriretaMo  ferments  vrill  foam. 

-.  The  hoatinc-surfaoos  oi  the  Knler  may  become  coated 
with  oi!  frv^ni  tov>  fnv  ust^  of  oil  in  the  engine.  This  applies, 
of  course,  only  to  surface-condenser  engines  fnun  which  the 
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condensed  steam  is  returiietl  to  the  boiler.  New  boilers  and 
boilers  using  condeiised  steam  from  recently  erected  steam- 
heating  systems  will  foam  till  the  oil  is  worked  out  of  tlie 

3.  Sutlden  retiuctions  of  pressure  in  the  iKjiler.  lliese 
may  be  caused  by  the  engine  taking  larger  volumes  of  steam 
per  stroke  than  the  boiler  can  projierly  supply.  If  the  steam- 
pressure  falls  greatly  ami  the  engine  cut-ciff  is  proportionally 
lengthened  to  keep  up  the  number  of  revolutions^  foaming  may 

•  result. 

4.  A  change  in  the  boiler  design,  so  that  a  bad  ciieiilation 
fOf  the  water  in  the  boiler  is  obtained  instead  of  a  good  one* 

If  a  new  boiler  continues  foaniing  after  the  oil  has  been 
T\T^rked  out  of  it,  the  trouble  is  generally  due  to  faulty  design. 
The  trouble  may  be  due  to — 

a.    Bad  circulation  of  the  water.    This  may  be  due  to 

faulty  placing  of  the  tubes  or  faulty  movement  of  the  hot 

^ gases.    Retard ers  were  placed  in  the  central  tubes  of  a  ver- 

il  boiler  (hat  had  always  given  drj^  steam,  and  it  foamed 

they  were  remo%^ed. 

6,  Improper  mcthotl  of  collecting  the  steam  for  the 
steam -pipe.  liMiere  the  steam-pipe  opening  is  only  a  foot 
iOr  so  above  the  water  in  a  l>oiler,  the  surface  of  that  water 
rtU  not  be  level,  but  will  curve  up  towards  the  opening. 
le  lessening  of  the  static  pressure  at  that  point,  owing  to 
the  high  steam  velocity,  will  cause  the  presence  of  more 
steam-bubbles  in  the  water  at  that  point  than  el^where. 
The  bursting  of  rising  steam-bubbles  will  cause  the  spray 
to  be  carried  by  the  rapidly  mo\ing  steam  into  the  steam- 
pipe,  A  well-drained  collecting-pipe^  nearly  as  long  as  the 
boiler  and  ha%ing  its  upper  surface  perforated  for  its  entire 
length  t^ith  numerous  small  holes  whose  total  area  is  con- 
siderable in  excess  of  the  cross-section  of  the  steam-pipe, 
should  be  used. 

f  All  the  causes  of  foaniing  may  be  reduced  to — 

L  The  water  temperature  is  too  high  for  the  pressure  that 


exists  in  the  boiler  at  that  instant*    To  check  foamii* 
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the  water  by  opening  furnace  or  connection  doors;  by  putting 
on  a  hea\y  feed;  by  increasing  the  pressure  by  partially  cloang 
the  throttle  or  the  stop- valve  on  the  foaming  boiler  in  a  battery 
of  boilers.  If  the  water  disappears  from  the  glass  gage,  start 
the  foaming  again  by  raising  a  safety-valve  or  opening  the 
throttle  to  keep  the  tubes  cool  and  put  on  a  heavy  feed. 

2.  Formation  of  Steam-bubbles  of  Abrwrmal  Size. — Any  in- 
gredient in  the  water  that  adds  strength  to  the  bubble-envelope, 
or  any  mechanical  formation  that  allows  the  bubble  to  grow  in 
size  before  its  detachment  from  the  heating-surface,  is  con- 
ducive to  foaming.  Feed  and  blow  till  the  ingredients  are 
washed  out  of  the  boiler,  or  add  other  ingredients  that  will 
reduce  the  envelope  strength.  In  boiling  sugar  solutions,  tallow 
is  added  for  this  purpose. 

B.  Condensation  in  the  Steam-pipe. — ^The  amount  of  heat  lost 
by  an  uncovered  steam-pipe  is  considerable.    It  varies  with — 

1.  The  extent  of  the  uncovered  area. 

2.  The  temperature  and  rapidity  of  movement  of  the  outside 
air. 

3.  The  temperature  of  the  steam. 

4.  The  character  of  the  steam. 

Ordinarily  the  number  of  B.T.U.  lost  is  expressed  by  the  formula 

CAiTi-To), 

where  C  is  a  constant  =2.5  B.T.U.  j)er  hour  per  square  foot  (approxi- 
mately), Ti  and  To  are  the  teniperatures  of  the  steam  and  air 
respectively,  and  A  is  the  exposed  area  of  the  pipe  in  square  feet. 

Perfectly  dry  steam  is  a  very  i)()()r  conductor  of  heat,  and  it  has 
been  found  that  pipes  carrying  superheated  steam  do  not  lose  the 
same  amount  of  heat  that  they  would  lose  if  carrjdng  saturated 
steam  of  the  same  temperature.  The  presence  of  a  sUght  film  of 
water  on  the  inside  of  the  j)ipe  is  an  active  agent  in  the  transfer  of 
heat  and  therefore  afTects  the  value  of  the  constant  C  in  exact 
determinations. 

Whilst  the  loss  of  heat  in  small  \)\])c^  is  less  in  amount  than  in 
pipes  of  large  diameter,  the  peret^ntage  loss  is  enormously  greater. 
This  arises  from  the  fact  that  the  exposed  ar  — 'th  the 
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lameter,  whilst  the  amount  of  heat  passing  through  the  pipe 

IvQries  with  the  cross-section  of  the  pipe  or  the  iliuineter  squared. 
Hie  value  of  non-Kjonducting  covering  depenils  upon — 
L  Its  non-conducting  quality, 
2.  Its  permanence, 
3.  Its  infkmnmbihty  or  heat-resisting  qualitiea 
4.  Its  solubihty  or  water-resisting  quahty. 
5.  Its  corrosive  effects  upon  the  pipe, 
6.  Its  bulk  and  general  appe-aranee. 
] 
? 
: 


Tests  of  Cd&iMEiKetAL  Steam*pifi;  CovEarnGS* 


por 
s,  A.  S*  M.  K.,  Vol*  XVL  The  heal  loss  was  detennined  by  Ihe  condenBa- 
tion  iu  an  S"  fitt^an^-pipe  60'  long.  Steaui*pressure»  varied  from  109  to  1 17  jHJimdA 
gltgi%  ihe  air-temperature  vanad  from  68^  to  81^  F.  The  difference  in  tem- 
perature at  the  two  sides  of  the  heating-Hurface  varied  from  2iyd'^  to  286*  F*V 
averaging  272*  F, 


EmdUCovKtins^ 


rin 


Mmeral  wool.  <..»,.,,,., 

Fire  felt , 

ManviUe  iectional ....... 

Man  v .  M^c  t ,  and  h  ai  r-felt . 

Manv.  wool-c*nif*ut, , . 

Qiarnplon  uijneral  wool.  « 

Hair-felt.  - ,  , 

Riley  cemeot.  *  . ,  ,**...* 
Foflsii  meuL  , 


k  . 

u 

** 

ii 

if 

Si 

si} 

^  b " 

hi 

111 

1  ^ 

III 

i 

& 

m 

m 

i 

£ 

.846 

12.27 

2:706 

lOO.O 

1.25 

.120 

1.74 

.384 

.726 

14.2 

i.m 

-080 

1.16 

.256 

.766 

9.5 

i.rio 

.OS9 

1.29 

.285 

.757 

10,5 

1.30 

.157 

2.2S 

.502 

.(iSU 

18.6 

1.70 

,  100 

1.59 

.350 

.737 

12.9 

2.40 

.OtKi 

0.96 

212 

.780 

7.8 

2.20 

,ias 

1.56 

.345 

.73H 

12.7 

L44 

.OlM) 

1.44 

.317 

.747 

11.7 

0.82 

/1 .32 

1.01 

.422 

.714 

15.6 

0.75 

.20H 

4.32 

.953 

.548 

.35.2 

0  7a 

.275 

3.99 

.879 

.571 

32.5 

The  non-conducting  quahty  depends  upon  the  porosity  luid 

lot  upon  the  material  of  the  non-condueUjr.    In  other  words,  the 

ore  air  there  is  entraiDed  in  the  pores  of  the  material  the  better 

lie  non-conducting  quahties.     If  from  any  cause  the  covering 

omes  more  dense  its  non-conducting  quahty  Ijecomea  le58. 

instance,  wetting  ruins  some  non-conductors  that  other\\ise 

excellent.     Glass  wool  after  a  time  breaks  up  into  a  dense 

der  and  so  loses  in  value.    The  situation  of  tlie 
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to  be  covered  is  a  prime  factor  in  the  choice  of  the  covering.  The 
intense  heat  in  the  confined  space  over  a  boiler  would  prevent  the 
use  of  a  covering  that  would  be  suitable  for  pipes  that  are  subject 
to  occasional  wetting.  The  chemical  action  of  the  constituents  of 
the  covering  when  damp  must  be  considered  to  prevent  pipe 
corrosion.  On  p.  183  are  tabulated  some  tests  of  commercial 
steam-pipe  coverings. 

The  following  results  were  obtained  by  C.  L.  Norton  of  the 
Mass.  Manufacturer's  Mutual  Fire  Insurance  Co.: 


Name  of  Covering. 


Nonpareil  cork. 

Magnesia 

Air-cell  No.  1.  . 
Air-cell  No.  2.  . 
Magnabestos.  . . 

Fire  felt 

Caleite 

Bare  pipe 


Thick- 
ness in 
Inches. 


0.00 
1.12 
1.12 
1.25 
1.12 
1.00 
1.25 


Weight 

in  Ounces 

lier 

Square 

Foot. 


Temperature  Cor- 
respondin;^  to  10 
Pounds  Steam- 
pressure. 


21 
24 
23 
36 

48 
46 
29 


B.T.U. 
Loss  per 
Sq.  Ft. 
of  Pi|)e 

per 
Minute. 


1.44 
1.59 

i*.58 
2.32 
2.4 


Ratio  of 

Heat 

Loss  to 

L(j8s  from 

Bare 

Pipe. 


0.232 
.262 

*.26i 
.383 
.395 

1.0(H) 


Temperature  Cor- 

reepondins  to  200 

Pounds  Steam- 

preasuTe. 


B.T.U. 
Lob's  per 

8q.  Ft. 
of  Pipe 

per 
Mmute. 


3.04 
3.40 
3.58 
3.40 
3.84 
3.99 
5.02 
11.96 


Ratb  of 

Heat 

IxieB  to 

Lomfrom 

Bare 

Pipe. 

.254 
.284 
.300 
.284 
.321 
.333 
.423 
1.000 


AMicn    the   diffcTcncc   of   teinporatures   is   small   the   B.T.U. 
transferred  per  degree  difference  of  temperature  is  also  decreased. 
Cooling  of  Watkk  ix  Pipks  Kxtoskd  to  Air. 

2"  Wrought-iron  Piijes.  I  4"  Cast-iron  Pipes. 

Difference    of    tompeni- 

ture 103°.7    49°.4    2r)°.41   4'^.:^  I  ii2°.3    45^8    33*».9    27°.3 

Heat  emitted  per  1°  F.  | 
difTorcnce  of  tempera- 
ture per  hour 2.25      2.11      1.S3      1.39    |  1.59      1.53      1.46      1.40 

All  steam-pipes  should  drain  in  (he  direction  of  the  moving 
steam  and  should  he  free  of  pockc^ts  whore  water  may  lodge. 
It  is  almost  impossible  to  prevent  leakage  from  pipe-joints  if 
wat(T  Hos  in  the  bottom  of  the  pii)es.  Moving  steam  will  carry 
water  against  a  very  considerable  adverse  pitch.^  Kotwitll" 
standing  the  fact  that  the  water  should  drain  to¥ 
none  should  be  allowed,  under  any  circumfifc 
engine,  as  it  is  certain  to  lower  the  econom 
larly,  all  receivers  in  nmltiple-expansion  ei 
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and  the  water  wasted  rather  than  let  it  eater  the  following  cylio- 
der.  To  separate  the  water  and  t^teami  use  may  be  made  of  any 
effieient  separator.  The  essential  principles  of  a  good  separatot 
consist  in  giving  a  whirling  motion  to  the  steam  to  throw  the 
water  outwanls  by  centrifugal  force  and  then  preventing  the 
water  so  thrown  out  from  entering  into  the  moving  body  of  steam 
again.  Fig.  5  shows  one  form  of  separator.  The  steam  enters 
at  -4,  whirls  in  the  direction  of  the  arrows  and  passes  out  at  B. 
The  amount  of  entrained  water  is  shown  by  the  sight-glass  C, 
This  water  may  be  automatically  trapped  out  and  sent  to  the 
hot-weU  mth  the  rest  of  the  fee<l-water. 

It  is  necessarj'  ttj  affonl  the  same  support  to  a  hot  pipe  as 
to  a  cold  one.  Frequently  the  expansion  of  the  vertical  part 
of  a  pipe  will  lift  parts  of  the  horizontal  portion  of  the  pijie-Iine 
from  intended  supports.  Ail  movement  of  the  pipe  should  be 
calculated  and  proper  allowances  made. 

Ex.  S3,  What  will  be  the  probable  saving  per  annum ^  if  coal  is 
w*orth  $3.00  per  ton.  in  covering  (with  magnesia  1.25  inrhes  thick)  a 
6-inch  pipe  300  feet  lonj^;  boiler  pressure  100  pounds  gage;  average 
outside  temperature  50°  F.;  boiler  used  14  hours  per  day,  300  days 
in  the  year? 

Ex.  84.  Assume  that  any  given  covering  wi!l  last  five  years,  how 
much  may  be  paid  witlinut  loss  for  a  covering  2  inchejs  thick  (al- 
lowing 8%  for  repairs  and  interest  and  15%  for  depreciation)  on  a 
12-inch  pipe-line  1000  feet  long,  carrying  steam  at  150  pounds  pres- 
sure;  average  outside  te^mperature  =  50°  F*;  plant  runs  continuously; 
coal  $3.00  per  ton,  labor  50  cents  per  ton  of  coa!? 

Ex.  S5.  Sketch  a  pipe-line  cunneeting  five  compoimd  engines  of 
1000  H.P.  each  to  a  battery  of  boilers  of  300  boiler  horse-power 
each*  The  nearest  boiler  b  15  feet  below  and  300  feet  distant  from 
the  nearest  engine.  Steam-pressure  165  pounJs  gage,  engines  use 
15  pounds  water  per  H.P.     Assume  other  quantities  needed. 

C.  Leaky  Stemn'mlves.^The  steam  may  leak  directly  into  the 
exhaust  ca\ity  and  so  lend  to  raise  the  back  pressure  and  thus 
produce  a  double  loss,  or,  in  some  conatruetions,  it  leaks  into  the 
~  xpansion-    Tlie  leakage,  of  course,  will  be  greatest 

sar  the  end  of  its  stroke  and  the  steam-pressure 
0  see  tliat  there  will  be  a  loss,  but  the  niagnl* 
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tude  of  such  loss  is  only  appreciated  by  those  who  know  the 
amount  of  steam  that  will  pass  through  an  almost  insignificant 
opening. 

D.  Condensation  of  the  Steam  during  Admittance. — ^By  the  use  of 
a  dry-pipe  to  collect  the  steam  in  the  boiler  for  the  steam-nozzle, 
and  by  the  use  of  well-lagged  steam-pipes,  the  amount  of  condensa- 
tion may  be  reduced,  ordinarily  to  a  small  percentage  of  the  feed- 
water,  and  this  amount  is  readily  taken  out  by  an  efiicient  separator. 
We  can  therefore  easily  give  dry  steam  to  the  engine.  Leaky  valves 
and  pistons  present  mechanical  difficulties  that  are  not  difficult  to 
overcome.  We  now  come  to  a  problem  of  different  character. 
For  clearness,  let  us  deal  with  the  events  that  take  place  on  one 
side  of  the  piston  only  and  we  shall  call  the  stroke  in  which  the 
steam  drives  the  piston  the  forward  stroke  and  the  stroke  in 
which  the  piston  drives  the  steam  out  of  the  cylinder  the  return- 
stroke.  To  be  concrete,  let  us  take  an  engine  exhausting  into 
the  atmosphere,  using  steam  at  80  pounds  absolute,  temperature 
312°  F.  As  the  piston  starts  on  its  forward  stroke,  steam  at  a 
temperature  of  312°  F.  is  entering  a  voliune  the  walls  of  which 
were  exposed  during  the  whole  of  the  previous  stroke  to  steam 
at  a  temperature  of  212°  F.  The  difference  of  100®  in  tempera- 
ture is  greater  than  the  ordinary  difference  between  a  hot  summer 
day  and  a  cold  day  in  winter.*  The  immediate  result  of  the 
contact  of  the  hot  ste^ini  and  relatively  cool  walls  is  the  condensa- 
tion of  enough  steam  to  heat  the  walls  (to  a  depth  that  probably 
does  not  exceed  1/50  of  an  inch)  to  the  temperature  of  the  in- 
coming steam.  The  thickness  of  the  film  of  water  may  not  exceed 
a  few  thousandths  of  an  inch,  but  the  detrimental  effect  on  the 
engine  economy  is  very  considerable.  From  20  to  50  per  cent 
of  the  weight  of  the  entering  steam  is  condensed  to  form  this 
apparently  inconsiderable  film  and  to  heat  the  inner  wall  to  such 
a  small  depth. 

Let  us  make  a  few  rough  calculations  for  a  20"X24"  cylinder 
without  clearance,  steam-pressure  80  pounds  per  square  inch 
absolute,  cutting  off  at  one-quarter  stroke,  and  suppose  the  steam 


♦  Later  we  shall  show,  however,  causes  that  will  t* 
winlring  in  temperature,  in  this  case  to  212°  F. 
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lown  by  the  card  at  cut-ofF  is  75  per  cent  of  the  steam  actually 

atlniitted : 

.Volume  at  cut-off ,..-.,.  6  X3.14  X 100  =  1884  cu,  in, 

height  of  steam  present 1884/1728  X  .1843  -  .201  pound 

feight  of  steam  admitteil ,201 X4/3  =  .268  pound 

height  of  steam  condensed 268  —  .201  =  *067  pound 

Volume  of  condensed  steam, 067/.030  ^  1,S6  cu,  in, 

rea  of  internal  surface. 314  +314  +  376.8  =  1008,8  sq,  in. 

■Tliickness  of  film ....  1.86/1008.8  =  .0018  in, 

^Heat  given  up  by  cond's'd  steam .  895 X ,067  -  60  B.T.U. 
Assume  weight  of  cast  iron  .26  pound  jjer  cu.  in,; 
''       specific  heat  of  cast  iron  .13; 
"       rise  in  temperature  100*^  F,; 
**       thickness  of  metal  affected  =  d,; 
\eii  {1008XrfX.26)G13Xl00)=60B.T.U,; 
d=^l/55  inch  approx. 

For  reasons  given  hereafter  the  assumed  range  of  100°  la 
probably  too  high  and  we  have  only  considered  the  area  up  to 
cut-off.  The  calculations  are  only  intended  to  ^ve  approximate 
values,  as  other  variables  will  be  found  to  enter  tlie  prol>lem. 

After  cut-off  the  temperature  of  the  expanding  steam  decreases 
with  the  decreasing  pressure^  Therefore  after  cut-off  the  part  of 
tlic  cylinder  that  is  being  uncovered  I  by  the  moving  pist^m  does 

Riot  have  to  be  heated  to  the  i^me  temperature  that  was  required 
or  the  part  exposed  before  cut-off.  At  some  piAni  after  cut-off, 
then,  condensation  ceases  and  re-evaporation  starts,  since  the  walls 
are  now  hotter  than  the  ateam.  If  we  have  an  accurate  card  from 
an  engine  whose  clearance  volume,  diameter,  and  stroke  are  known, 
we  may  easily  find  the  weight  of  steam  present  at  cut-off  and  for 
ii^ous  puints  on  the  expansion-curve.  The  re-evaporation^  while 
3t  considerable,  is  greatest  near  the  end  of  the  stroke  where  itg 
efulness  in  driving  the  piston  amounts  to  little.  But  the  moment 
it  the  exhaust-valve  opens  and  there  is  a  considerable  tlrop  in 
essure  (and  the  corresponding  temperature),  re-evaporation  and 
*lit  coohng  of  the  walls  proceeds  rapidly.  It  may 
X  tor  granted  that  steam  of  any  degree  of  wetness 
^mng)  on  entering  a  cylinder  will  be  exhausted 
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as  practically  dry  steam.  The  heat  so  taken  from  the  walls  must 
be  returned  by  the  condensation  of  an  appropriate  amount  of  the 
dry  steam  that  enters  for  the  next  stroke.  Hence  the  economy  of 
separating  the  steam  and  water  before  the  steam  enters  the 
cylinder. 

Considering  only  the  facts  brought  out  in  this  article,  we  note 
that: 

1.  The  condensation  and  re-evaporation  would  go  on  in  a 
cylinder  clothed  in  a  perfect  non-conductor. 

2.  With  an  imperfect  non-conducting  covering  there  would 
be  an  additional  loss  of  heat  and  consequent  increase  of  con- 
densation to  supply  the  heat  flowing  to  the  outside  of  the 
cylinder,  and  thence  carried  away  either  by  conduction  or 
radiation. 

3.  In  any  practical  case  we  may  consider  the  cylinder- 
shell  as  made  of  two  parts.  In  the  inner  (of  greater  or  less 
thickness  in  accordance  with  circumstances  yet  to  be  conad- 
ered)  there  is  a  rapid  fluctuation  of  heat  from  and  to  the  steam, 
and  a  regular  flow  of  heat  to  the  outside  surfaces  of  the 
cylinder. 

4.  The  water  of  entering  wet  steam  will  be  re-evaporated 
at  the  expense  of  the  dry  steam  of  the  next  stroke,  and  that 
this  re-evaporation  takes  place  on  the  return-stroke  and  serves 
only  to  tend  to  increase  the  back  pressure.  In  the  case  of 
compound  engines,  however,  this  steam  does  some  work  in  a 
following  cylinder  if  there  is  one. 

5.  In  the  case  of  the  loss  of  heat  from  steam-pipes  it  was 
remarked  that  steam  was  a  poor  conductor  of  heat,  and  that 
the  presence  of  a  film  of  water  on  the  surface  of  the  walls  had 
an  extremely  important  influence  on  the  loss  of  heat.  We 
shall  find  that,  in  this  case  also,  the  presence  or  absence  of  this 
film  modifies  results  materially.  If,  by  evaporation  during 
exhaust,  the  walls  become  free  of  the  film  of  water,  then  they 
cease  to  fall  materially  in  temperature  and  may  remain  at  a 
considerable  temperature  above  that  of  the  exhaust-steam. 
Their  range  of  temperature  is  thereby  lessened. 

At  the  point  of  exliaust  closure  the  steam  remaining  ir 
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ider  is  not  only  dry,  but  may  be  slightly  superheated.  If  this 
point  be  late  in  the  return*stroke  the  whole  compression  curve 
may  show  evidence  of  Buperheating  by  rising  more  rapidly  than 
an  acUabatic.  With  a  heavier  ratio  of  compression  the  first  part 
of  the  curve  may  rise  higher  than  the  adiabatic,  owing  to  the  recep- 
tion of  heat  from  the  hotter  cylinder  walls.  With  the  rising  tem- 
perature of  the  steam  (from  compression)  the  temperature  differ- 
ence between  the  walls  and  compressed  steam  becomes  smaller,  the 
rate  of  preasure  increase  is  lower,  and  the  compresaon-curve  crosses 
the  curve  of  dry  saturated  steam.  Further  compression  raises  the 
tem}>erature  of  the  compressed  steam  above  that  of  the  cylinder 
walls  and  condensation  ensues.  Heat  is  now  lost  rapidly  by  the 
steam  and  further  compression  follows  the  laws  governing  the 
compresaon  of  vapors  in  contact  with  their  liquid.  The  curious 
hook  EVG  is  produced.  In  Fig.  110^  taken  from  Thurston  on  Hect 
Exchanges  within  the  Steam-engine,  let  GVETD'CA  be  the  com- 
pression-curve, CDH  the  adiabatic  from  any  point  C,  SEI  the 
saturation-curve  from  any  point  £,  LM  the  temperature^urve 
if  the  compression  were  adiabatic,  MNPR  the  actual  temperature 
as  shown  by  calculation  from  the  diagram^  and  MPR  the  probable 
temperature  of  the  metah 

The  statement  has  frequently  been  made  that  there  would  be 
no  loss  from  clearance  if  compression  were  carried  to  the  initial 
pressure.  Accurate  experiments  have  shown  a  sUghtly  increasing 
water  consumption  per  horse-power  ^ith  increasing  compression 
when  all  other  quantities  were  kept  constant  in  the  same  engine. 
TbieoreticaUy,  increasing  compression  should  produce  a  loss  of 
^onomy  for  the  following  reason.  The  steam-engine  is  a  mechan- 
ism for  the  conversion  of  heat  into  work.  No  economy  can  result 
by  changing  the  expensively  obtained  work  back  into  heat,  since 
all  changes  of  energ>^  from  one  form  into  another  are  accompanied 
by  loss.  As  a  practical  result,  in  en^nes  designed  for  economy^ 
clearance  surface  is  reduced  to  the  minimum  by  placing  the  valves 
in  the  cyhndcr-heads  antl  only  a  moderate  amount  of  compression, 
conducive  to  smooth  running^  is  used. 


6-  The  amount  of  condensation  will  be  affected  by  the  size 
'he  cylinder.    Comparing  two  cylinders  (the 
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linear  dimensions  of  one  being  twice  that  of  the  other),  the 
larger  one  could  perform  eight  times  the  work  of  the  aonallery 
but  its  internal  exposed  area  would  only  be  four  times  as  great, 
hence  the  percentage  of  condensation  would  be  reduced. 
Similarly  for  engines  of  the  same  volume,  by  proper  choice  of 


Fw.  110. 


dimonsions  thoro  would  Iv  one  of  niiiiimum  exposed  internal 
surtnoo. 

7.  Other  variaMos  ;ils<>  atTocl  the  result.    We  may  men- 
lion  stonn\-prossuri\  rovoh  lio  of  expansion,  and  jack- 

otiui:. 

Range   of   Tempermti  t  of  initial  condensation 

dojvnvis  i;jH^u  tl\o  nin|  •dw  walls,  and 
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economy  follows  a  reduction  of  this  range, 

creased — 


The  range  is  de- 


1.  By  a  lat€  cut-off.  By  studying  the  conditions  we  notfi 
that  the  part  exposed  to  the  initial  stmin  was  exposed  to  the 
exhaust  conthtions  for  a  short  time  only,  and  more  of  the  sur- 
face is  at  the  highest  temperature. 

2.  By  the  reduction  of  the  amouBt  of  water  present  at  cut- 
off. Tlie  walls  part  readily  with  their  heat  to  a  film  of  water 
and  less  readily  to  drj"  steanu  Tlierefore  the  lower  tempera- 
ture is  raised  by  reducing  the  amount  of  water  to  be  evaporated. 

3.  By  reducing  the  time  of  exposure,  Tlie  element  of  time 
always  affects  the  amount  of  heat  that  may  be  transferred.  By 
increasing  the  number  of  revolutions  the  time  of  exposure  Is 
diminished. 

To  Find  the  Weight  of  Steam  Accounted  for  by  the  Indicator- 
card. — At  any  point  in  the  stroke,  the  steam-pressure  is  due  to 

the  amount  of  dry  steam  present.  At  any  {xjint  between  admis- 
sion and  cut-off  all  the  steam  has  not  yet  entered  the  cyhnderj 
and  after  the  exhaust  opens  a  large  percentage  of  the  steam  has  left 
the  cylinder.  In  any  case,  howeverj  we  can  determine  the  weight 
of  dry  stmm  present  in  the  cylijider  at  any  piston  position.  From 
cut-off  to  exhaust-opening  and  from  exliaust-cUisure  to  steam- 
opening  we  are  dealing  with  a  closed  volume  and  approximately 
with  a  constant  mass  of  dry  steam.    At  all  other  ixunts  of  the 

ttroke  we  are  deahng  with  a  variable  mass  of  steam  and  care 
ttust  be  taken  in  the  interpretation  of  results. 
The  amount  of  dry  steam  present  between  cut-off  and  exhaust- 
ipening  differs  materially  from  the  amount  of  steam  that  entered 
^^the  cyUnder  before  cut-off.  The  reasons  fur  this  become  evident 
^■rhen  we  consider  not  only  the  conditions  that  exist  when  steam 
^is  admitted,  but  also  the  exceedingly  small  volume  occupied  by 
the  water  formed  in  the  condensation  of  steam.  Two  cubic  feet 
I  of  steam  may  readily  enter  a  cyUnder  whose  volume  up  to  the 
point  of  cut-off  is  only  one  cubic  foot.  One  cubic  foot  of  the 
steam  may  condense  and  form  a  Elm  about  1/500"  thick  on 
the  walls*  The  volume  of  this  film  is^  of  course,  practicaUy  ne 
ligible. 
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To  obtain  the  weight  of  the  dry  steam  present  in  the  cylinder 
at  any  point  of  the  stroke  we  need — 

1.  The  absolute  steam-pressure  at  that  point. 

2.  The  absolute  volume  of  the  clearance  and  of  the  cylinder 
up  to  the  point  considered. 

3.  Steam-tables  that  show  either  the  weight  of  one  cubic 
foot  of  steam  or  the  volume  occupied  by  one  pound  weight 
of  steam  at  the  various  pressures. 

Then  to  obtain  the  weight  of  dry  steam  present  at  any  point 
of  the  stroke  either  multiply  the  absolute  volume  in  cubic  feet 
by  the  weight  of  the  steam  per  cubic  foot,  or  divide  the  absolute 
volume  in  cubic  feet  by  the  volume  in  cuUc  feet  of  one  pound 
weight  of  steam.    Table  M:II. 

For  example,  find  the  weight  of  dry  steam  in  a  20"X24" 
cylinder  at  16"  from  the  beginning  of  the  stroke,  the  pressure 
at  that  point  being  42  pounds  absolute,  clearance  10  per  cent. 

(16+2.4)X314 
volume« p^ . 

\\  eight  ^^,,^^,^^^^=^.32  pomid, 

.  ,^     1S.4 X 314 X. 10179      ^^  , 

or  weight  = p:^^ =  .32  pound. 

Anal3rsis  of  Indicator-diagrams. — Steam  accounted  for  by  the 

indioAtor-i\Hrvl  assumes  the  following  data: 

Clearance =E  =  2% 

Stri^ke =1  

Number  of  strokes =  A  .... 

Cut-i^tT  pressure  aKne  zero 73.6  lbs. 

Weij:ht  {vr  euWe  !\vt  at  out-r^fT  pn^ssure  -=W^        =     .1773  lbs 

IVvnvTtion  v>t  stroke  eoir.rlet^v*  at  out-^^ff  =C  «=     .172L' 

l\^:v.pressioT\  prcssv.re 3  lbs. 

WeicV^t  ivr  euino  t\\^t  at  Ov^:v.prx\!5sio^    fiQ»* 

sure ..,.         **  -IT^        =     .(WSolbs. 

l>\n\>rtion  v^f  st^^^ke  v.t^ooiv.plc' 

rressivT. -ilMSL* 

Mean  etTivt:\  e  :^rt^sst:rx\  ,  17  lbs* 
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The  weight  of  steam  as  shown  by  the  indicator-card  would  ba 
per  hour  per  horse-power; 


M  — 


j^[(.172+.02)(Z,X.1773)-C.048  +  .02)(LX.0085)]^X60 


iM.E.F,)LAN 
33,000 

Hence  the  general  formula  is 

The  symbol  C  may  also  refer  to  the  proportion  of  the  stroke  com* 
pleted  at  rel^^se,  and  W^  would  be  the  weight  of  one  cubic  foot  ot 
the  steam  at  release  pressure. 

Method  of  Finding  the  Dry-steam  Fraction. ^Let  us  imagine 
that  we  liave  a  iKiiler  of  ample  capacity  in  whicli  the  steam-pressure 

tis  kept  absolutely  constant.  Let  us  have  two  engines  dri\ing  a 
common  shaft  w^hose  load  is  alw^ays  too  great  for  the  engine  that 
is  to  be  usetl  as  an  experimental  engine.  Block  the  cut-ofT  of  the 
latter  engine  at  constant  cut-off.  The  other  engine  takes  steam 
from  a  separate  boiler  and  its  cut-off  varies  with  the  load.  The 
experimental  engine  may  easily  be  run  at  constant  pressure,  load^ 
cut-oflf,  revolutions,  and  so  will  give  a  constant  card. 
■  If  the  experimental  engine  has  a  surface  condenser  the  feed- 
water  per  stroke  may  be  calculatetl  by  weighing  the  conilensed 
steam.  By  keeping  the  water-level  constant  in  the  steam-boiler 
a  less  accurate  measure  of  the  feed  per  stroke  is  obtained  by  weigh- 
ing the  feed-water. 

The  dry-steam  fraction 


Weight  of  dry  steam  at  any  point  of  the  stroke 
"Amount  of  steani  and  water  present  at  that  point' 

Tlie  method  of  finding  the  numerator  was  shown  (page  163). 


^p*o  obtain  the  denominator  we  nm^st  start  at  the  piston  position 
when  the  exhaust- valve  closes.    All  authorities  agree  that  the 

I  steam  in  the  cylinder  at  the  point  of  exhaust-closure  is  perfectly 
dry.    Knowing  its  volume  and  pressurep  its  weight  can  be  calcu- 
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lated.  At  the  end  of  the  compression-curve  this  steam  may  be 
either  wet,  dry,  or  superheated.  Knowing  the  pressure  and  volume 
at  that  point,  the  weight  of  dry  steam  present  can  be  calculated 
and  if  that  is  less  than  the  amount  present  at  exhaust-closure,  it 
is  evident  that  some  steam  has  been  condensed.  If  the  pressure 
is  higher  than  that  called  for  by  the  law,  PV^Cf  the  steam  has 
been  superheated.  In  any  case,  the  amount  of  steam  and  water 
present  when  the  steam-valve  opens  is  equal  to  the  amount  of  dry 
steam  present  at  the  instant  the  exhaust-valve  closes.  If  to  the 
amount  so  found  we  add  the  weight  of  steam  and  water  admitted 
per  stroke  (as  found  by  weighing  the  condensed  steam  or  the  feed- 
water),  we  obtain  the  amount  of  steam  and  water  that  is  present 
at  any  point  between  cut-oflf  and  exhaust-opening. 

Him*s  Analysis. — Mons.  G.  A.  Hirn  published  his  Thermo- 
dynamics in  1876.  In  that  work  he  developed  a  theory  of  the 
real  engine  that  has  served  as  the  basis  for  nearly  all  subsequent 
work  on  that  subject. 


Fig.  111. 

In  tliis  analysis  wc  endeavor  to  account  for  every  thermal  unit 
of  the  steam  that  passes  through  the  engine.  To  make  such  an 
analysis  we  must  know  accurately  the  volume  of  the  clearance  and 
of  the  cylinder  at  the  important  points  of  the  stroke.  The  quality 
of  the  steam  at  admission,  the  pressures,  revolutions,  and  work 
should  be  known  and  nmst  be  kept  practically  constant.  All  the 
indicator-cards  would  then  be  precisely  alike,  so  that  the  expei  " 
ture  of  heat  and  water  per  stroke  multiplied  by  the  nu* 
strokes  per  hour  Tsill  give  the  actual  expenditure  per  h 


MEASUREMENT  OF  HEAT  LOSSES. 


im 


Let    Fft  =  volume  of  clearance  in  cu.  ft,; 
7^  =  volume  at  cutKjff  in  cu.  ft,; 
Frf  =  volume  at  exhaust-opening  in  cu.  ft,; 
—         Vf  —  volume  at  exliaust-elosure  in  cu.  ft, ; 
F^==^  final  volume  of  compression  =  F^; 
171  =  pounds  of  (mixture)  steam  and  water; 
x  =  quality  of  mixture; 
r??4  =  pounds  of  steiini  in  the  mixture; 
(l  —  x)m  =  pounds  of  water  in  the  mixture; 
g  =  heat  of  the  liquid  above  32^  F»; 
/? — i  n  t  er na  1  la  t  e  n  t  h  ea  t ; 
£  =  external  latent  heat; 
L=internal  latent  heat  +  external  latent  heat. 

As  before^  a  subscript  added  to  a  letter  limits  its  value  to  the 
piston  position  shown  by  the  letter.  Thus  nif  indicates  the  weight 
of  steam  and  water  in  the  cylinder  at  the  instant  that  the  exhaust- 
valve  closes. 

The  analysis  will  start  at  the  instant  the  exhaust-valve  closes 
or  at  /  on  the  indicator-card.  In  all  ordinary  cases  all  the  w^ater 
that  may  have  been  in  the  cylinder  w^hen  the  piston  is  at  e  wiU  be 
evaporated  by  the  time  the  piston  reaches  /_  Knowing  pf  and 
Vf  we  may  calculate  nif.    We  know  x  =  100%. 

At  g  we  know  that  7ng-^M/»  as  we  are  dealing  with  a  closed 
volume.  We  do  not  know  the  condition  of  the  steam^  however. 
Knowing  p^  and  V'^,  we  can  obtain  the  amount  of  dry  steam 
present.    This  is   (x^mj).    The   water  at  g  is  then  mf—Xgnig* 


Therefore  Xg=^ 


mf 


In  a  preceding  paragraph  it  was  shown 


that  compre^ed  steam  may  be  either  wet,  dry,  or  superheated. 
This  would  be  shown  in  the  above  by  x^m^  being  <,  = ,  or  (appar^ 
ently)  >  than  my. 

At  g  the  steam-valve  opens  and  the  lines  gb  and  6c  are  made 
Calling  the  weight  of  steam  and  water  admitted  per  stroke  m, 
(found  from  the  measurement  of  the  condensed  steam),  we  knoT?* 
tliat  the  total  w^eight  of  steam  and  water  present  at  c  is  ma^fnf  =  m^ 
%B  amount  of  dry  steam  pre^nt  (xcm^)  can  be  calcu* 

W  Pt  and  Yc^    The  value  of  x^  is  SE£!h^^    Th^ 
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quality  of  the  steam  admitted  x^  must  be  determined  by  calorim* 
eter  experiments  at  some  point  just  before  the  engine-throttle. 
The  weight  of  steam  and  water  present  at  exhaust-opening  is  the 
same  as  that  at  cut-ofif,  and  its  quality  x^  is  det^mined  as  before. 
.  Heat  Interchanges. 

Let  Vc  =  the  work  of  compres^on  o'gfo'^  in  B.T.U.; 
re  =  the  work  of  expansion  in  B.T.U.; 
t'r  =  the  work  of  rejection  of  exhaust =o'7«>'"  i^  B.T.U.; 
/  =  the  heat  given  to  the  cylinder  walls  in  B.T.U.; 
H  =  the  heat  required  to  produce  one  pound  of  steam.- 

Tn  discussing  heat  interchanges  we  must  start  at  the  point  of 
e3diaust-cIosure.  as  we  assume  that  the  steam  is  dry  at  that  pcinU 
This  is  a  ver}*  safe  assumption,  for  even  if  the  quality  of  the  clear- 
ance steam  were  only  75^,  the  amount  of  steam  in  the  clearance 
is  so  small  that  the  percentage  efifect  on  final  results  would  be 
negligible.  The  amount  of  heat  in  the  steam  at  /  on  the  assump- 
tion of  dry  steam  is  mA,qf-^Pf). 

The  amount  of  heat  in  the  steam  and  water  at  9  is  »t  #(?#  -f  x,/^,). 
Avkling  the  heat-tN]iii\-alent  of  the  work  of  compresaon  to  the  heat 
at  ;.  we  obtain  the  heal  at  t;  plus  the  heat  given  to  the  cylinder 
fi-alls.    Therefore 

whence  the  heat  given  to  the  oylin»ier  wall^.  L.  may  be  found. 

Wo  must  vlisi^rirranare  l^vtween  the  heat  required  to  produce 
•Va  {.vunJs  of  steam  ani  the  lieat  •.•>  "\i  pvunLL?  of  steam.  The 
heat  revjuirevi  to  pro^luoe  the  "\.  y-cunis  c:  steam  that  enters  the 
oyliuvier  is 

Fv^r  wet  steam.  H^  =  "-:,  i.-z^L^"^. 

-   s;i:vrhea:eu  s:eam. ///  =  -,  :^-L^-OAS(.t^-tJ], 

\\\wTx^  :,  - :.  is  the  r:s*^  i::  rerr.r-rrar^  j^  to  superheating. 

1:  we  avi :  the  hei*  :n  "hr:  sf  Uer  at  the  beginning  of 

aauus.<ion    at  :    :r  :h-^  h^:  odcce  the  steam  (wet 

or  suivrheatv^i    a-inittei-i  **  ^k*  steam  at 
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cut-off  4- the  admission  work  (in  B,TXT.)4'the  beat  given  to  the 
cylinder  walls  during  adiiussion.     Hence 

H«  (or  Ha*)  +mp(3^+XrtO(^)  ^m^iqe  -\-T.p^)  +  Ua  +/a. 

As  /  a  is  the  only  unknown  it  may  readily  be  found, 

The  weight  of  steam  and  water  present  at  cut-off  is  the  same 
as  that  present  at  exhaust-opening.  The  difference  between  the 
amounts  of  heat  in  the  mixtures  at  cut-off  and  exliaust-opening  is 
^lual  to  the  work  of  expansion  +  the  heat  given  to  the  cylinder 
malls.  Hence  jhc { (g* + Jr^)  —  (q^ -hxapd) \=Ug'¥ /^,  If  /^  is  nega- 
tive, then  the  walls  have  given  more  heat  to  the  steam  during 
expansion  than  they  have  received. 

If  tests  are  accurately  made  on  an  engine  with  a  surface  con- 
denser, the  amount  of  heat  sent  to  that  vessel  ]>er  stroke  may  be 
calculated  by  miUtiplying  the  rise  in  temperature  of  the  cooling- 
water  (more  accurately  the  cUfference  of  the  correspontling  q^s)  by 
the  weight  of  that  water  used  per  stroke,  WTule  it  is  easy  to  cal- 
culate approximately  the  exhaust-heat  quantities  sent  to  the  con* 
denser,  it  is  impossible  to  give  threctly  an  exact  measure  for  the 
fullo\^ing  reason.  The  water  that  is  in  the  cylinder  is  evaporated 
in  varjing  quantities  in  the  time  that  the  lines  de  and  ej  are  made, 
tliat  is,  at  varying  temperatures.  If  the  fall  of  pressure,  de,  is  not 
great  J  it  is  probable  that  most  of  the  water  is  evaporated  during 
the  formation  of  the  line  ef.  A  check  to  any  calculation  is  found 
in  the  fact  that  the  heat  admitted  —  the  work  done  (B.TX'O  must 
^ual  the  heat  sent  to  the  condenser  (neglecting  radiation  or  heat 
receiveil  from  a  steam-jacket) ,  This  is  an  indirect  but  exact 
measure  of  the  heat  sent  to  the  condenser  or  to  the  atmosphere. 
Or,  Ha  (or  Ha')  —  the  net  area  of  the  indicator-card  in  B.T.U* 

^Hr,  the  heat  rejected  ^it;%—gj  ^mjjtt 


where  tu^the  pounds  of  cooling-  or  injection-water  per  stroke; 

5,  =  the  heat  of  the  coohng-water  above  32^  F.  as  it  en* 
ters  the  condenser; 
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qi  -  the  heat  in  the  cooling-  or  discharge-crater  above  32V. 

as  it  leaves  the  condenser; 
9,«*the  heat  in  the  feed-water  above  32^  F. 
In  the  case  of  a  jet  condenser  the  amount  of  water  leaving  Ui» 
condenser  includes  the  condensed  steam  as  wdl  as  the  injectioih 
water. 

Heat  Interchange,  I^  during  Exhaust. — We  know  the  wei^t  of 
steam  and  water  that  is  present  at  d,  we  can  calculate  its  quality 
X4,  and  therefore  can  calculate  the  amounts  of  heat.  We  have 
already  calculated  these  quantities  for  inston  position,  /.  The 
difference  between  these  two  quantities  of  heat  is  the  heat  given 
to  the  cylinder  walls  (negative)  +the  heat  ^ven  to  the  cooling- or 
injection-water + the  heat,  $«,  given  to  the  condensed  steam  above 
32^  F.    Or, 

wic(?d  +  ar^d)  -  rnfiqf  +p/}  - /r + w(9i-9«)  +mJa^. 

As  all  quantities  but  /^  are  known,  it  may  be  foimd. 

Jacket-steam. — Each  pound  of  jacket-steam,  u^,  gives  up  L 
thermal  units,  as  the  steam  is  condensed  at  constant  pressure  to 
its  licjuid  at  the  boiling-point.  The  heat  ^ven  up,  w§Lj,  must  be 
addcnl  to  the  heat  that  is  required  to  produce  the  m«  pounds  of 
stottin  admitted.  From  this  sum,  subtract  the  heat-equivalent  of 
the  work  done  to  obtain  the  heat  sent  to  the  condenser. 

The  tliermal  efficiency  is  obtained  by  dividing  the  net  work  done 
per  stroke  in  B.T.U.  by  the  total  heat  expended  to  produce  m. 
pounds  of  steam  (from  the  temperature  of  the  feed-water)  plus  the 
heat  given  up  {wjLj)  per  stroke  by  the  jacket-steam. 

Him's  Analysis. — Work  out  Hirn's  analyas  for  the  foDowii^ 
data: 

Area  of  piston,  3  sq.  ft. 

Stroke,  3  ft. 

Clearance,  .3.33%. 

Stcam-prcssurc,  100  pounds  absolute. 

Cut-off,  6"  from  beginning  of  stroke. 

Exhaust  opens  at  98%  of  stroke. 

"       closes  "95";."      " 
Back  pressure,  15  pounds  absolute 
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From  a  test  it  13  found  that  the  dry  steam  at  cut-off  is 
composed  of  the  steam  saved  by  compression  and  80%  of  the 
steam  mixture  admitted.  Quality  of  steam  at  the  throttle, 
98%.     Fig.  HI. 

Clearance  volume,  3X3X.033  =  ,3  cu.  ft. 

Volume  at  /,  3  X  (3  X  ,05)  +  .3  =  .75  cu.  ft, 

75X15     ^„, 

Fre^ure  at  g,  Vff^Pg^if*  "     7; ^oi\  pounda< 

F;- J5  cu.  ft.,  p;=^15  pounds. 

Weight  of  dry  steam  at  /-. 03868 X. 75  =  j?i,=  . 029  pound 
dry  steam. 

V ^  =  2  cu.  ft.,  pj,=37.5  pounds. 

Weight  of  tlry  steam  at  g-x^m^ -.09151 X. 3  =  ,02745. 

Wdght  at  /-weight  at  g^ weight  condensed  =  .029 -.0274 

^.0016. 

.02745 
Xg  =  the  per  cent  of  steam  =    ^^^^  ^  94  J%. 

To  find  m^y  the  ste-am  and  water  admitted. 
Volume  at  c  -  .3  cu,  ft,  +  3  X  *5  =  1 .8  cu.  ft. 
Weight  of  dry  steam  present  at  c^  1.8X.2303  =  ,41454  pound, 

*'       "   the  above  dry  steam  that  was  admitted  on  this  stroke 

-  .41454  -  .02745  -  .3S709  pound, 

38709 
"       '■  dry  steam  and  water  actually  admitted, '—  ^^  -  =  .483862 

pound. 
"       * '  water  in  mixture  admitted^  .02  X  .483862  =  .00968  pound. 
**       ''  dry  steam  actually  admitted,  .483862 -.00968  =  ,4741 8 

pound, 
'  steam     condensed    on    admission,     .47418  — ,38709  = 

,08709  pound, 
'      "      and   water    present  at  cut-off,  .483862 +  .029  = 

.512852  pound. 


i< 


ff 


Heat  Ezchanges,^ — Heat  at  /^  the  heat  actually  contained  in  1 
pound  of  dry  steam  at  p/  preasure  multiplied  by  the  weight  of 


1074,1  X  ,029  =  31 .1489  B.T.U, 
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Heat  at  j7 029X232.46 +  .0274x853.48-  30.1693  B.T.U. 

Work  of  compression,  Ue='^  Ljr' 

15Xl44x.75xlog.2.5  ^^^    „ 


778 


Heat  given  to  walls,  7c  =  31.1489  +  1.908-30.1693=     2.8876    " 


Heat  adniittwl  =  .4839x298.09+.47418X883.773=563.1840    " 
Adding  heat  at  g -  30.1693    " 


593.3533    " 

Subtracting  heat  present  at  c 

=  .5128x298.03  +  .41454x803.108-485.7478    " 


107.6055    " 

Sui)t ract  external  work ^^^l^J^^'^  -  27.76        " 

7/8  

II(«at  givrn  to  the  walls,  /« 79.845      " 

l.s  .  100     ^     ^^ 
j>,i  .,  P,).3.)  pouiuls. 

WVi^lit  <»f  ilry  stoam  present  at  d  =  9.3 X. 0495  =  .46035  pound. 

u'     1    I     •                  •         100X144X1.8,       ^^^     ^. 
Work  (luring  expansion  == ^r-;^ log,5.17=t7e 

=54.735  B.T.U. 

I  [rat.  at  (/  .r)rJS()  X  19r).2S  -I-  .46035  X 882.36  =  506.3535 

506.3535  4  485.7478-54.735= -76.3407=/,=heat 

i.ivKN  \:v  by  tluMvalls  (luring  expansion. 

'I'lu'  (lata  of  this  i)r()l)l(Mn  were  assumed.    The  student  will  find 
ih<»  hoat  that  is  wasted  and  detennine  if  any  cY  "^ould  be 

made  in  tlie  data. 
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Steam  Consumption. — The  actual  consuniption  of  steam  by 
englnGS  13  a  very  variable  quantity.  It  varies  with  the  style 
of  engine^  its  loatl,  its  speed,  and  a  number  of  other  quantities. 
As  important  as  any  cause  is  the  amount  of  leakage  past  worn 
valve-s  or  pistons.  Much  that  is  called  initial  condensation  is 
really  leakage*  In  an  engine  in  good  condition  probably  one- 
ihinl  of  its  so  called  initial  condensation  is  leakage.  For  com- 
parison, we  give  two  tables  and  their  corrections,  as  given  by 
Helm  in  The  Eiigimer^  and  the  results  of  actual  tests  on  engines 
as  they  were  in  daily  use*  {Paper  by  Dean  and  Wood,  A.S^M.E., 
June,  1908,) 

The  ideal  consumption  of  steam  per  horse-power  (S,P,H,)  for 
non-condensing  engines  of  ih^.  four-valve  and  Corlus  types,  with  a 
back  pressure  of  IG  pounds  absolute  is  given  in  Table  C.  To  this 
must  be  acldeil  the  following  corrections  for  initial  condensation: 

For  80  pounds  initial  pressure  the  following  amounts  should 
be  added  to  those  pven  in  Table  C  for  non-condensing  engines; 

^B     For  condensing  engines  increase  the  quantities  given  in  Table 

^T>  by  the  following  quantities  based  on  an    initial  pressure  of 

5  pounds. 

Table  B. 

For  2  expansioiia  ,....,...,.,..     3 .28  pounds 


For2i 
it    3 

Table  A, 

.     3.65 
.     4 .  10 
.      5.45 
,      6-70 
.     7.90 
.     9.80 
,   11/^0 
.   12.35 
.    14.80 
.    IS. 60 
.   21.50 

pounds 

a     4 

"     $ 

"     6 

a     g 

*'     9 

"  10 

**  12 

"15 

"16 
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If  the  initial  pressure  b  increased   above  the  amounts  on 

which  the  above  tables  of  carreetuma  are  based,  the  cylinder 

candensaHan  will  be  increased  by  \  pound  for  each  10  pounds 

of  increase  in  imtial  pressure.    For  instance,  in  non-condensing 

engines  if  the  pressure  is  100  pounds  instead  of  80,  then  to  the 

amount  in  the  correction  Table  A  an  additional  .4  pound  must 

be  added.    In  the  case  of  condensing  engines,  if  the  initial  pressure 

165—125 
is  166  pounds  an  additional  amount  of  — rx — X.2— .8  pound 

must  be  added  to  the  amount  in  the  correction  Table  B. 

Example. — ^What  is  the  steam  consumption  of  a  non-con- 
densing engine,  initial  pressure  100  pounds,  five  expansions. 
From    Table  C,   16.42   pounds;  condensation  6.70  pounds  at 

100—80 
80  pounds  pressure,  hence  at  100  it  would  be  fi.7H rg — X.2 

=7.1.    Total  consumption = 23.52  pounds. 

In  Tables  C  and  D  the  mean  effective  pressure,  M.E.P.,  b  a 
little  greater  than  would  be  realized  owing  to  the  effects  of  com- 
pression, release,  and  clearance. 

Compare  results  obtained  as  above  indicated  with  the  results 
given  below.    See  Power,  July  14,  1908. 

(1)  15  in.  by  14  in.;  240  r.p.m.;  horizontal,  single,  flat- 
valve  engine  with  100-kw.  d.c.  generator  on  the  shaft.  Average 
steam  pressure  83  pounds;  back  pressure  4.8  pounds;  cut-off 
30.7%;  water  per  I.H.P.  per  hour,  observed  pounds,  44.7. 

(2)  16  in.  by  15  in.;  240  r.p.m.;  vertical,  single-flat  valve 
engine  with  two  50-kw.  d.c.  generators  on  the  shaft.  Average 
steam  pressure  75  pounds;  average  back  pressure,  1.6  pounds; 
average  cut-off,  46.85  and  29.3%;  water  per  I.H.P,  per  hour 
observed  pounds,  37.3  and  39.7. 

(3)  14  in.  by  12  in.;  300  r.p.m.;  horizontal,  single  flat-valve 
engine  with  two  40-kw.  d.c.  generators  on  the  shaft;  average 
steam  pressure  91  pounds;  average  back  pressure  6  pounds;  aver- 
age cut-off,  45.3  and  25.1%;  water  consumed  per  I.H.P.  per  hour 
observed,  37.5  and  37.3  pounds. 

(4)  16  in.  by  14  in.;  270  r.p.m.;  horizontal  engine  with  four 
flat  valves  and  having  a  125-kw.  d.c.  generator  on  the  shaft; 
tested  at  J,  |,  and  full  load;  stea*^        -sure,  114  pounds;  back 
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ressure^  3.5,  5,  and  S  pounds;  cut-off,  16,5,  27,  and  40%;  water 
r  LH.P.  ptT  hour  observ^ed.  45.7j  43.4j  and  42.7  pounds. 

(5)  12  in.  and  19  in.  by  14  in.;  230  r.p.m.;  vertical,  cross- 
compound  condensing  piston  valve  engine  with  a  100-kw.  dx. 
generator  on  the  shaft;  steam  pressure,  114  pounds;  average 
cut-off,  H.P,  cylinder  33  and  21%;  average  cut-off,  H.R  cylinder, 
38  and  25%;  water  per  hour  observed,  pounds,  25  and  20,  at  .8 
and  ,7  full  loatL 

(6)  18  in.  by  18  in.;  220  rp.m.;  horizontal  piston  valve 
engine  with  a  100-k.w,  d,c.  generator  on  the  shaft;  approximate 
loads  Ij,  |,  J;  average  steam  pressure,  114  pounds;  LH,P, 
273,  170,  122;  water  per  I.H.P.  per  hour  observ^cd,  pounds,  29.7, 
34.8,  39.89. 

I  (7)  15  in.  by  16  in,;  250  np-m.;  horizontal  single  piston  valve 
engine  with  a  lOO^kw.  d.c«  generator  on  the  shaft;  loads,  full, 
J>  ^,  and  i;  steam  |>reiv^ure  87  pounds;  I.H,P.  137,  102,  69, 
^36;  water  per  LH.R  per  hour  observed,  pounds,  34,1,  37, 
2.3,  56.3. 

(8)  12  in.  by  18  in.;  190  npjii,;  horizontal  engine  with  two 
flat  inlet  valves  and  two  Corliss  valves,  and  ha\ing  a  75-kw.  d.c. 
generator  on  the  shaft.  I^oads,  1^,  1,  and  J:  average  steara 
pressure  90  pounds;  LH,P.,  Ill,  74,  43;  water  I.H.P.  per  hour 
observed,  pounds,  34,  36.8,  and  44  pounds. 

"WTiile  it  would  be  unfair  to  draw  general  conclusions  from 
isolated  tests  such  as  the  above  it  is  nevertheless  proper  to  call 
attention  to  the  great  loss  in  economy  due  to  improper  seating 
of  valves  and  of  pistons*  Poorly  made  four-valve  highspeed 
engines  will  not  compare  in  economy  with  well  raEKie  single- valve 
endues.  The  latter  should  have  valves  for  which  the  wearing 
process  should  be  a  tightening  process.  Balanced  v^alves  in 
^whicli  this  process  does  not  take  place  showed  up  badly  in  the 
above  test.  The  economical  loads  are  the  heavj^  loads.  D»  K, 
Clark  in  the  early  fifties  showed  that  the  economical  load  for 
locomotives  was  that  due  to  a  cutoff  at  one-third  stroke. 


Ex.  86.  Assume  data  from  Engine  Tests  by  Barrus,  and  work  out 
the  analysis. 

Ex.  87,  Assume  card  and  other  required  data,  and  work  out  the 
analysis* 
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Ex.  88.  CorliaB  engine,  mm  pirton  8  aquie  fesl^  flUoke  4  feet, 
demnnoe  2  indies,  cut-off  1/6  sHoloe,  initial  i^uwim  100  pounds 
gi^y  ezfamust  opens  and  doses  at  end  of  die  stroke,  mwpmnaioa  ae- 
cording  to  the  lav  Pr»C,  revs.  100  per  mm,  20%  of  diy  steam 
that  vas  admitted  is  mndmaed,  qoalitj  of  sleam  adBiittad->g8%. 
Give  Hini*s  analysis. 


CHAPTER  VIIT. 


ENTROPY. 


Befinitioiip — Every  term  on  either  side  of  an  equation  must  1 
of  the  same  degree.  An  area  cannot  equal  a  volume,  and  a  foot- 
pountl  cannot  equal  any  number  of  feet,  poimds,  or  degrees  of 
teuiix;rature.  ^\Tien  the  cheimcal  energ>'  of  gunpowder  is  eon- 
verted,  through  an  explosion,  into  work,  heat^  light,  and  sound, 
all  of  these  must  be  compound  and  of  like  degree.  As  work  is  a 
compound  of  two  factors,  heat  must  also  be  a  compound  of  two 
factors, 

.\n  area  is  a  product  of  two  dimensions,  and,  just  as  we  have 
heretofore  repre^sented  work  by  areas,  we  shall  now  show  that 
heat  may  be  represented  in  a  similar  mariner.  In  so  doing  we 
shall  be  able  to  illustrate  easily  certain  facts  that  are  difficult  to 
understand.  Let  it  !>e  clearly  understood  from  the  beginning  that 
as  in  the  construction  of  the  work  diagram  or  PV  diagram  no 
thought  was  given  to  the  variation  of  heat  quantities,  so  in  the 
construction  of  the  heat  diagram,  or  fpT  diagram  as  it  is  often 
ealletl,  we  must  lay  off  heat  quantities  and  ignore  variation  of 
pressures  and  volumes. 

As  work  in  foot-pounds  is  equal  to  Wk  or  PV  ^  (pA)L\  similarly 
heat  in  themal  units  ^vill  be  found  to  equal  ^T,  where  ^,  or  en- 
tropy, represents  one  factor  of  heat,  and  T,  or  absolute  tempera- 
ture, represents  the  other.  As  the  work  diagram  is  a  rectangle 
if  P  is  constant^  amilarly  the  heat  diagram  is  a  rectangle  if  7  is  a 
constant.  The  w^ord  entropy  is  derived  from  two  Greek  words  en 
an<l  irope,  meaning  a  turning  in  or  transformation^  referring  to  the 
heat  per  degree  which  is  transferred  to  another  body  or  tranij- 
formed  into  another  form* 

As  we  must  resort  to  calculus  in  PV  calculations  when  the 
pressures  vary  according  to  some  law;,  so  we  must  resort  to  the 
same  instrument  it  the  temperatures  vary  in  the  (^r  diagram. 
As  work  is  made  up  of  the  sum  of  the  infinitesimal  rectangles, 
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abed,  '^pdV,  Fig.  113,  so  the  heat  added  is  made  up  of  the  sum 
of  the  infinitesimal  heat  change  Td4>,  Fig.  115.      During  these 


•-VrH 


Fio.  112. 


K 


1^ 


\ 


pdv 


d  ^ 

Fio.  113. 


changes  T  is  kept  constant  as  P  was  kept  constant  in  the  work 

diagram.    Hence  (Fig.  115)  we  have  dQ^Td<t>  or  d^=-=f.    We 

can  easily  integrate  this  expression,  when  we  can  express  Q  in  terms 
of  T.    It  is  essential  to  remember  that  T  is  absolute  temperature. 


\ 


\. 


\ 


T«l^ 


Fia.  114. 


d4» 

Fio.  115. 


The  proper  interpretation  of  many  facts  already  given  will 
show  that  absolute  temperature  is  one  of  the  factors  of  heat.  The 
heat  in  a  body  increases  or  decreases  as  we  increase  or  decrease  its 
temperature.  If  a  perfect  gas  is  expanded  adiabatically  to  absolute 
zero  of  temperature,  it  has  lost  all  its  heat.  In  other  words,  the 
total  heat  of  a  perfect  gas  is  a  function  of  its  absolute  temperature. 
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tve  agree  that  heat  is  made  iij)  of  two  factors  and  that  absolute 
temperature  is  one  of  them,  we  may  call  the  other  factor  anything 
we  please.  It  is  not  possible  at  present  to  give  an  absolute  con- 
crete meaning  to  entropy.  It  is  said  to  be  analogous  to  pressure 
in  a  PV  formula^  or  annlogous  to  a  variable  thermal  ma,s«in  the 

formula  for  energ>%  ^-7y^*    For  the  present  the  Btudent  vnll  find 

the  mathematieal  definition  sufficient.  In  adtlition  he  should  keep 
in  mind  that  change  in  entropy  depends  ujxin  a  change  of  heat  as. 
heut.  ^\Tien  heat  is  transformed  into  available  work  there  is  no 
change  in  the  entropy,  since  there  has  been  no  loss  of  heat  as  heat. 
The  student  must  remember  that  exact  processes  are  theoretic 
ones.  In  adiabatic  expansion  there  must  be  no  friction^  conduc- 
tion, nor  radiation*  In  other  words,  the  process  is  reversible, 
E\'idently  these  assumptions  are  not  absolutely  obtained^  then, 
in  any  practical  case. 

In  representing  heat  by  an  area,  absolute  temperatures  are 
presented  by  orth nates,  and  variable  entropy  by  variable  ab- 
scissas. Further,  whilst  temperature  must  be  laid  off  from  absohite 
zero  of  temperature,  entropy  is  never  so  laid  off.  We  are  only 
interested  in  the  increase  or  decrease  of  the  entropy  of  a  substance, 
and  not  in  the  total  amount  of  entropy  that  it  may  possess  above 
the  abstfjlute  zero  of  entropy.    In  other  words^  by  the  formula 

d^^-Tp  vve  mean  that  the  addition  or  subtraction  of  the  quantity 

of  he^t  dQ  at  T^  produces  a  change  of  entropy  d^-  The  starting- 
point  for  measuring  entropy  is  taken  at  32°  F.,  as  we  are  not  in- 
rested  in  the  entropy  of  ice  above  some  lower  temf>erature. 

In  drawing  a  PV  diagram,  we  assume  one  scale  for  pressures 
and  a  different  one  for  volumes,  Similarly  in  entropy  diagrams, 
we  may  assume  any  convenient  iiuantity^as  V'  or  }",  Ui  represent 
100  degrees  of  temperature,  and  1"  or  2''  to  represent  a  unit  of 
entropy.  Assuming  200  degrees=-l"  and  unity  of  entropy  =  1", 
then  1  sq.  inch  area  =  200  B.T.U, 

If  dQ  thermal  units  raise  tlie  temperature  of  any  liquid  dT 
degrees,  we  know  that  dQ^^cdT,  where  c  is  the  specific  heat  of  the 
liquid.    For  water  we  may  assume  c  =  l,0  for  all  temperature^s. 

Hence,  for  water,  c?Q  =  l,0dr,  and  thejefore  the  equation  d^  =  -rn 
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becomes  d<f>=    ^    ,    or    -^.      The  student  should  remember 

that  the  numerator  dT  now  represents  an  infinitesimal  quantity 
of  heat  and  not  an  infinitesimal  difference  of  temperature. 

Taking  our  origin  for  entropy  at  that  possessed  by  water  at 
32®  F.,  we  have  for  the  increase  of  entropy,  when  water  is  heated 
from  70°  =  32° +461  to  Tj®,  any  other  temperature  in  d^rees  Fah- 
renheit absolute, 

J    ^"^^Jt    T^^''S.7'i-log.7'o=log.jr. 

Construction  of  the  Water-line — To  illustrate  the  use  of  the 
above  formula,  let  us  draw  the  line  that  shows  the  variation  of 
absolute  temperature  and  entropy  when  one  pound  of  water  is 
heated  from  32®  F.  to  3.50°  F. 

As  this  line  ^ill  be  slightly  curved,  let  us  find  the  abscissa  and 
ordinate  for  one  pound  of  water  heated  to 

/o  =  32°F.;  /i=100°F.;  /2=212°F.;  fe  =  350°F. 

The  ordinates  are 

^0  =  493°;  ri=561°;  ^2  =  673°;  Ta^Sll^ 

The  abscissas  are 

,      ,       493    ^     ,      ,      561      ,^^^     ,      ,      673     „,^ 
^  =  log.^  =  0;  ^1  =  log.  ^  =  .1296;  ^2  =  log.  ^  =  .313;   and 

^3  =  log.  ^  =  .5042. 

Having  the  abscissa  and  ordinate  for  each  of  the  four  points,  they 

may  be  plotted  as  in  Fig.  116,  where  to,  <i,  ^2,  tz  represent  the  points. 

The  heat  required  to  raise  the  water  from  32°  F.  to  350°  F.  is 

the  area  eo/0^3^3.     To  show  this  approximately  multiply  the  mean 

493+561+673  +  811       ,^,^    _^  ^_„ 
orchnate  by  eo«3,     or     ^ X. 5042 -319  B.T.U., 

or  350-32  =  318  B.T.U.    These  results  would  be  equal  if  we  had 
laid  ofT  the  figure  accurately  and  used  a  planimeter. 

As  the  curvature  of  the  Une  ^0^3  is  so  slight,  the  entropy  may 
be  obtained  directly  by  dividing  the  known  area  by  the  mean 
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ordinate.    For  example,  the  area  of  eo^Dfifii==9i"9o=68— 0=68 
B.T,U,    Di\icUng  this  by  the  mean  temperature  we  have 
68 
493+561^.129  as  the  entropy  or  abscissa  eoei. 
2 


«73 


^103' 


; !/' 


UIT 


Tfl   tTt 


ITi 


Fig.  lie. 
The  reason  for  choosing  an  arbitrary  starting-point  for  entropy 

may  now  be  shown.      In  the  expression  0  =  log,  -=f  let  7^  =  0^ 

absolute,  /.  <^  =  qc.  This  shows  that  entropy  measured  from  an 
absolute  zero  of  entropy  is  infinite^  so  that  it  is  absolutely  necessary 
to  start  at  some  finite  point. 

In  tiie  construetion  of  the  water-line  it  must  be  distinctly 
understood  that  the  pressure  on  the  water  increased  with  the 
addition  of  lieat  in  such  manner  that  there  was  no  steam  formed. 

Ex.  89.  On  a  scale  of  ir'  =  200'^  Fahr.  abs.  and  3" -unity  of  en- 
tropy, lay  off  the  water-line  for  32^,  100^,  150'=',  200^,  250°,  300°  from 
the  entropy  table;  measure  the  area  with  a  planimeter*    Table  \IU 
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Steam-Une  at  Constant  Premm.— Having  reached  any  de- 
ored  pressure  and  the  corresponding  boiling-pQinti  let  any  furtber 
addition  of  heat  go  to  the  convendon  of  some  of  the  water  into 
steam.  The  volume  increases  in  proportion  to  the  steam  fomed 
and  the  temperature  will  remain  constant. 

The  heat  added  is  the  sum  of  the  internal  and  external  latent 
heat.  Ordinarily  this  sum  is  called  simply  the  "latent  heat."  As 
the  temperature  remains  constant,  it  is  evident  that  the  ordinate 
in  the  diagram  will  be  constant,  and  that  the  entropy  will  vary 
directly  iivith  the  amount  of  heat  added  or  the  amaurU  of  water 
converted  into  steam. 

If  La — latent  heat  of  one  pound  of  steam  at  TJ*  Fahr.  absolute, 
the  increase  of  entropy  over  that  of  water  at  the  boiling-point  T^s^  is 

ST.    The  total  entropy  above  water  at  32**  F.  is  log«  7^  +-=?.    If 
is  -»o     -»8 

the  water  was  initially  at  some  temperature  Ti  hi^er  than  Tq,  the 

T 

increase  of  entropy  above  Ti  will  be  less  by  log.  ^,  or  the  entropy 

•*  0 

required  to  raise  one  pound  of  water  at  a  temperature  Ti  to  Tt 
and  convert  it  into  steam  at  that  temperature  is  log.  ( =r)  +nr 

since  log.  y — log.  ^r  =log.  jr. 

An  approximate  value  for  log.  y^^J  +y  is  "7^^^+^* 

If  we  consider  the  diagram  (Fig.  116)  to  be  made  by  a  point 
travelling  along  tlic  water-line,  its  vertical  movement  being  due 
to  increase  of  temperature  and  its  horizontal  motion  being  propor- 
tional to  increase  of  entropy,  we  know  that  after  water  reaches  the 
boiling-point  there  is  no  further  increase  of  temperatm^e.  On 
further  addition  of  heat  the  point  must  then  change  direction 
abruptly  and  travel  parallel  to  the  horizontal  axis.  The  distance 
travelled  along  this  line  will  be  directly  proportional  to  the  amount 
of  water  evaporated.  For  instance,  if  t2S2  is  the  entropy  added  to 
one  pound  of  water  at  the  boiling-point  to  form  one  pound  weight 
of  steam  at  that  same  temperature,  then  ^2^2  is  the  entropy  of 

-7—^  pounds  of  steam.   And,  of  course,  -—-^  represents  the  fraction 


of  the  pound  of  water  that  has  not  been  converted  into  steam,  or, 
in  other  words,  is  water. 

Expansion  Cmves, — Draw  tlie  steam-lines  (hie  to  the  forma- 
tion of  steam  by  the  atidition  of  heat  to  water  at  the  foUowing 
hrJlinu-points:  /3  =  350''  R;  ^^  =  212^  F.;  and  ti  =  liXf  F. 

We  may  substitute  in  the  formula 

Latent  heat  -  109L7  +  .SOSCte  -32)  -  (^3  ^32}, 
or  from  the  tables  obtain 

^^ 


Latent  heat  at  350°  F,  -  868  BXU-, 


212^  R-  906 


100^  F,  =  1044 


e^es- 


eice  = 


\ 


350+401 

966 

673 

1044 

561 


-1.44; 


L86, 


Evidently  the  area  of  the  rcLitangle  €3^353^4^  1*3=  868  B^T.U* 

eiMieo-Li-1044      " 

Ex.  90,  From  the  values  in  a  table  of  entropy,  lay  off  the  entro- 
pies for  1  pound  of  steam  at  the  temperatm'es  and  on  the  same  scales 
as  in  Ex.  S9. 

The  line3  ^3.93,  12^2,  h'^i  are  lines  of  canstajii  iempemture  or  is<h 
iherrnaj  lines.  If  the  points  53,  s^,  ^i,  are  joined,  the  curve  so 
obtained  is  called  the  saturaiion  curve  This  is  a  short  way  of 
expressing  the  fact  that  a.s  ^3^3^!  limits  the  entropies  of  one  pound  of 
water  at  varying  temperatures,  so  536'aSi  liiuits  the  entropies  of 
one  pound  of  dry  saturated  steam  at  various  temperatures  in  a 
similar  way* 

In  discussing  the  expansion  of  steam  it  is  easy  to  propoae 
theoretical  conchtions  tlmt  could  not  be  carried  out  in  practice. 
The  information  gained  h  of  great  value*  however,  as  practical 
conditions  may  lie  betw^een  suppo?^ed  ideal  conditions* 

Tlieoretically  we  may  suppose  the  steam  to  expand — 

1*  AdialmUcally, 

2.  To  expand  receiving  heat  in  jost  sufficient  quantities  as 
to  prevent  the  formation  of  any  water  by  the  loss  of  heat  In 
any  way-    Tlie  steam  is  kept  th-y,  and  therefore  contains  the 
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tabular  number-  of  B.T.U.  for  one  pound  of  steam  at  each 
temperature. 

3.  Tr»  expanil  an<I  meanwliile  recdve  heat  so   that  the 
steam  becomes  drier  f*T  perhaps  superheated. 

Case  1.-  Wliat  course  will  the  tracing-point  that  described  the 
water-line  / 1/^/3  auil  t!ie  line  ^3*^3  take  ^ Fig.  116),  if  the  steam  is 
supposeil  to  expand  ailiabatirally?  Keep  in  mind  that  this  dia- 
gram is  not  concerned  in  variation  of  volume  and  pressure,  but 
solely  in  the  receptirjn  and  rejection  of  heat  as  heat.  The  tracing- 
point  must  radically  change  its  tlirection  and  follow  the  line  8^4. 

That  this  is  tnie  is  in<licate<I  by  the  equation  d^=-^-,  for  if  the 

amount  of  heat  adde<l,  dQ,  is  zero,  the  change  of  entropy  d^  is 

zero;  therefore  a  line  of  adiabatic  change  is  one  that  is  parallel  to 

the  axis  of  tem[X*rature.  OV. 

As  the  tracing-pr)int  follows  the  line  5364  it  cuts  the  isothermal 

line  M2  in  s^jme  point  mo.    TIic  significance  of  this  is  important. 

Tlie  position  of  mo,  in  acconlance  with  a  previous  explanation, 

siir^ws  that  if  a  pr)und  of  jx^rfectly  dry  steam  at  a  temperature  of 

iomo 
Tz  expands  adiabatically  to  To,  only  -j—=-  will  remain  dry  steam, 

as  — ^  will  be  condensed  to  furnish  heat  to  do  work.     With 
great<*r  expansion  there  is  greater  condensation,  as  is  shown  by  the 

increased  value  of    -'  -. 

tlSi 

Ex.  91.  At  cut-off,  the  volume  is  4  cubic  feet,  pressure  is  100 
pounds  per  scjuare  inch  absolute,  and  the  card  shows  80%  of  the  steam 
admitted.  If  it  were  possible  to  expand  the  steam  adiabatically  to 
15  pounds  per  square   inch,  how  much  water  would  be  present? 

If  the  steam  is  condensed  at  constant  pressure,  the  temperatiu-e 
will  remain  constant.  This  is  not  so  if  the  condensation  takes 
place  at  constant  volume^  for  then  both  pressure  and  temperature 
chang(».  If,  then,  aft(T  expanding  adiabatically  to  temperature 
(-2  th(»  steam  is  condensed  at  constant  pressure,  our  tracing-point 
will  follow  the  isothermal  line  mot2,  and  will  reach  fe  if  all  the 
steam  is  condensed  at  (2-  If  the  water  at  (2  is  cooled,  the  tracing- 
point  will  follow  the  water-line  t2ti  to  the  temperature  fi  of  cooling. 
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Work  Done  per  Pound  of  Steam  during  Admission  and  Adiabatic 
Expansion — We  shall  tiiscyss  the  case  of  wet  steam,  sinee  that  of  dry 
staim  is  easily  found  by  making  tlie  quality  of  the  steam  mixture 
100%  instead  of  a  less  quantity  Fig,  116).    If  the  whole  pound  of 

%ieT  at  h  is  not  converted  into  dry  steam,  lay  ofiF  xg  so  that  - — 

efjuals  p3f  the  quality  of  the  steam.  Then  the  position  of  Xa  indicates 
the  entropy  of  the  mixture.  If  this  mixture  expands  adiabatically 
to  any  lower  temperature  h,  the  intersection  of  the  vertical  with 
i«j  or  X2  marks  the  quality  of  the  steam  at  that  time,  CalUng 
this  quality  of  the  steam  p2^  we  see  that 


k 


pr- 


12X2 

1232 


logr  f +  ^7r" 


since  £3  =  area  ^3^353^4  and  L^^area  e2^2^2*'5< 

Example. — If  one  pound  of  water  at  100*^  F,  is  converted  into 
steam,  quality  95 "^i^,  at  35(P  F,,  does  work  tluring  admission  an* I 
adiabatie  expansion  to  212°  F;,  what  will  be  its  quality  at  the 
end  of  expansion?  If  the  pressure  during  exhaust  is  constant  and 
ec|ual  to  the  final  pressure  of  expansion,  find  the  theoretical  heat 
expended,  heat  rejected,  heat  utilized,  and  the  efficiency. 


_       811      ,^     .95X867,3 
Log,  g^^, IS,     — 8IJ— = 

.18  4-1,016 


Pa" 


1,435 


QBB 
=  1.016,    xr^=  1.435, 

=  83.3%. 


H      Heat  expended  from  it  =  100= area  eilitsXse^ 

H  =360-100  +  .95X867.3  =  1074  B.T.U. 

^P      Heat  rejected  must  be  measured  down  to  feed-water  tenipera- 

bire=eiM2J;2e*=212-100+  P2L2 

=  212-100+.833X966=916.7  B.T.U. 

^^  .              Heat  utilized      1074-916.7     .,„ 
Efficienry  =  jj^— ^p^^^ _--  =  15%. 

Tins  of  course  negleeta  initial    condensation,   friction,  wir^ 
rawing,  etc. 
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In  Fig.  117  we  have  a  theoretical  indicator-caidrcpgcamting  flie 
conditions  of  the  last  examfde.    The  line  db  ooneBponds  to  t^^ 

and  at  b  there  is  present  one  pound  of  wet  steam,  qiiafity  rr- 

This  steam  expands  adiabatically  to  c,  the  adiabalic  be  coRespood- 
ing  to  xsxa*    The  exiiaust  opens  and  the  steam  is  forced  out  at 


Fio.  117. 

constant  back  pressure  equal  to  the  final  pressure  of  expansuMi, 
the  line  cd  corresponding  to  1^2- 

Velocity  of  Steam  Passing  Through  a  HoiiUi.— The  above  for- 
mulas apply  to  steam  flowing  throu^  nossles  as  used  in  steam- 
turbines.  The  sum  cf  all  the  different  forms  of  energy  on  one  side 
of  a  section  must  equal  the  sum  of  all  the  aiergjes  on  the  other 
ade  of  that  section.    In  the  case  under  consideration  there  are 


E,  +  pivi  + 


E^PtU+§ 


Fig.  118. 
three  different  forms  of  energy,  ^nz.,  heat  or  intrinac  energy,  E, 
external  work,  ^,  and  kinetic  energy  or  energy  of  motion;  hence, 
Fig.  118,  at  any  two  sections,  AB  and  CD, 

The  velocity  of  approach,  T'l,  in  a  large  vessel  is  inappreciaUe  and 
may  be  neglected.    The  equation  becomes,  per  pound  per  second, 

~={Ei  +  piVi)-{E2  +  p2V2). 
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Inspection  shows  that  the  right-hand  member  of  this  equation  is 
the  difference  of  the  total  heats  of  one  pound  of  steam.  Calling 
Hi  and  H2  the  total  heats  of  one  pound  of  the  steam,  differing 
according  as  the  steam  is  wet,  dry,  or  superheated^  we  have^  omit- 
ting the  subscript, 

^— ^(Hi-//a)  778  foot-pounds. 

From  tha^retical  conditiona  and  experiment,  it  is  known  that 
the  weight  of  steam  flowing  through  an  orifice  increases  as  the 
back  pressure  decreases  to  a  limit  which  is  reached  when  the 
back  pressure  is  .57  of  the  forward  pressure  (see  page  445). 


Orifiee 
Prauun 

W«icbi  qI  Fow  «  Poandi  per  Seiiond, 

OMoulftted 

toitiAl  PnMun, 
PfHtiKtn 

Ol*erv«Kl, 

O^ciiUisd. 

V«]o«[ty,  F«el 
perSoeond,  mt 
■ai>)l«t  C^RM^ 

Dqii&re  laea 

By  EquAlLOD 
Oivmi 

fly  PTifcpier*! 
Form  y  1ft. 

•eetioo  af 

132,3 
117.6 
1(^.9 

75   2 

67  0 

58. 7 

.063 
.057 
.050 

.0629 
.0572 
0500 

.0671 
.0596 
.0522 

1470 
1495 
1490 

*  Table  from  Thotnas'a  Ste&m-turbmefi  (Wiley), 

If  dry  saturated  steam  at  132,3  pounds  absolute  flows  through 
an  orifice  whose  cross-^sectional  area  is  ♦OSSS  square  inch,  against 
a  back  pressure  of  75,2  pounds  absolute^  what  will  be  the 
velocity  of  discliarge  per  second,  volume  and  weight  discharged 
per  second? 

Draw  the  entropy  diagram^  Fig,  119.  Then  the  area  Ti  7*2^2^1 

represents  H2 -if  1  in  the  formula  ^3—  ^ 778{H2-Hi), 

We  may  obtain  that  area  by  either  exact  or  approximate 
methods  If  T1T2  is  assumed  to  be  a  straight  line,  the  area  of  the 
trapezoid  71^25277*1  iB={T2-Ti)B,  where 


2U 


B 


T282  +  TiMi     2€2^3  -^eie2 
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(If  the  initial  steam  were  wet,  the  area  T2X2mzTi  would  be  tt 
area.) 

319.5-2771    .45,iB,T.U. 


.-.  ^2-ffi  =  (809-768) 

/.  72  =  64.32X778X45.1. 
.*.    V — 1500  feet  per  second. 


L809"*"  809+768  J 


to 
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The  more  exact  method  would  ^ve  1470  feet  per  second, 
the  steam  expands  adiabatically,  its  quality  is 

Trnii  £i£3^1.5731-^.4465^ 

TiSi     °      6164    1.61.'>5-.4465    ^'*/o- 
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At  75,2  pounds  the  volume  per  pound  wdght  of  dry  steam 
is  5.68  cubic  feet.  The  volume  per  pound  of  wet  steam  is 
96.4  x5.68-5.47  cubic  feet. 

The  volume  discharge<l  =  area  orifice  X  velocity. 


,0355X1470 


144 


=  .362  cu.  ft 


362 


The  weight  discharged  =  'rjy  ^  0637  pound 


Ex.  92.  If  stream  of  an  initial  abaolute  pressure  of  117.6  pounds 
flou^  through  an  Drifiee  whose  cross-sectional  area  is  .0355  square 
inch,  against  a  back  pressure  of  67  pounds  absolute,  find  the  velocity 
of  disclmrge  and  volume  and  weiglu  of  steam  diaL^iarged  per  second. 

Condensation  or  Expansion  at  Constant  Volume. — Fig.  120  illus- 
.      trates  a  series  of  events  dmilar  to  those  given  in  the  example  oa 


-! 


rrrtf/ 


Fto.  im 

page  214  and  illustrated  in  Fig.  117,  up  to  the  point  of  exhausts 
opening,  e.  The  line  cf  is  made  while  the  piston  is  theoretically 
stiitionary.  Therefore  tlxe  volume  of  the  cylinder  is  not  being 
diminished  by  the  movement  of  tlie  piston,  and  the  steam  is  said 
to  be  condensing  or  expanding  at  constiint  mlumt'.  It  is  evident 
that  the  volume  of  the  steiim  in  the  cyUnder  at  /  is  precisely  the 
volume  that  was  present  at  c,  the  weight,  of  course,  l)eing  different. 
We  must  therefore  distinguish  between  the  lines  cf  and  fg  in  draw- 
ing our  entropy  diagram.  The  latter  indicatty?  condensation  at 
constant  presmire  and,  since  that  occurs  at  constant  temperature, 
the  corresponding  entropy  line  will  be  parallel  to  the  entropy  axis^ 
Wfien  our  tracing-point  described  the  line  from  ^3  to  sg  (Hg. 
116),  its  position  at  any  moment  intUcated  the  weight  of  steam 
forme<:l  and,  therefore*  its  volume,  since  we  can  take  from  tablae 
the  volume  of  one  pound  pf  steam  at  any  temijerature  and,  by 


220       THE  STBAM'ENOmE  AND  OTESB  HMAT^OTORS. 

multiplication,  obtain  the  volume  of  any  fnetion  of  a  pound.  Or, 
reversing  the  conditions,  if  we  have  the  volume  of  any  unknoim 
wei^t  of  steam  at  any  known  temperature  or  preaBure,  l^  dividiic 
this  volume  by  the  volume  of  one  pound  of  steam  at  that  tm* 
perature  we  obtain  a  fraction  that  detenmnes  the  weigjit  of  the 
steam,  and  also  the  proportional  part  of  the  entropy  of  one  pound 
of  steam,  measuring  from  the  water-line. 

To  illustrate  a  method  of  drawing  the  curve  of  constant  vdume^ 
let  us  draw  the  line  corresponding  toef  Qn  Fig.  120)  inthemtropy 
diagram  (Fig.  116).  We  know  that  x^  indicates  the  conditions  that 
exist  when  one  pound  of  3team,  quality  05%,  temperature  350^  F., 
has  been  expanded  adiabatically  to  212^  F.    We  have  found  that 

its  quality  ^  is  83.3%.    From  the  tables  we  find  that  one  pound 

of  steam  at  212^  F.  occupies  26.64  cu.  ft.  Hence  dxn  marks  the 
entropy  of  .833X26.64-22.19  cu.  ft.,  or  apfmximately  22  cu.  ft 
Taking  from  the  tables  the  temperatures  corresponding  to  volumes 
which  are  multiples  of  22  cu.  ft.  per  pound  of  steam,  we  obtain  the 
following  series: 

Volume  in  Degrees.  Relative  Entropv 

Cubic  Feet.  Fahr.  Abe.  of  22  Cu.  Ft. 

44 186  647  1/2 

66 167  628  1/3 

88 154  615  1/4 

111 144  605  1/5 

132 137  598  1/6 

354 100  561  1/16 

Hence  the  entropy  of  22  cu.  ft.  is,  easily  laid  ofiF  at  1/2  the 
entropy  of  one  pound  of  steam  at  186°  F.,  1/3  of  that  at  167®  F., 
etc.,  thus  obtaining  the  curve  X2mA.  The  back-pressure  line  fg  of 
the  indicator-card  is  given  by  m^ti  of  the  entropy  diagram. 

Second  Method  of  Drawing  the  Constant-volume  Curve. — Let 
/3S3  and  t2S2y  Fig.  121,  represent  two  of  any  number  of  entropy- 
lines  of  steam  at  constant  pressure. 

Let  OT  and  OE  be  the  absolute  temperature  and  entropy  axes. 
Prolong  TO  and  lay  off  on  the  prolongation  OV  a  scale  of  volumes. 
The  scale  must  be  so  chosen  that  OV  is  at  least  equal  to  tiie  volume 
nf  one  pound  weight  of  steam  at  the  lowest  pressure.    Smce  the 
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diagram  deals  i^Tth  one  weight  of  steam  onlyy  it  is  convenient  to 
take  the  volumes  from  the  tables  for  one  pound,  sin:e  it  is  eaay 
to  change  the  scale  to  give  the  volumes  for  any  other  weigh  t 
In  the  quadrant  TOE^  or cU nates  represent  absolute  temperature 
and  abscissas  represent  entropy;  in  the  quadrant  VOE,  the  ab- 
scissas represent  entropy  as  before^  but  the  ortlinates  represent 
volume. 

The  hne  faSg  gives  the  increase  of  entropy  due  to  the  formation 
of  one  pound  of  steam*    At  ^3  the  volume  of  the  steam  is  zero,  and 


V. 


ei\ 


fgtfi;tfiM#i 


trv. 


14 


FiQ.  121. 

the  entropy  is  found  by  dropping  the  perpendicular  he^*  Simi- 
larly,  tiropping  a  perpentlicular  Sae4  from  s^  and  la>ing  off  on  the 
prolongation  e^V^  equal  to  the  ^'^olurae  of  one  pound  weight  of 
steam  at  temperature  ^3  (in  accordance  mth  the  scale  laid  off  on 
OF),  we  obtain  the  point  V3,  Draw  e^Vz^  This  is  a  straight  line, 
as  the  entropy  measured  from  the  water-Une  is  directly  propor- 
tional  to  the  volume  of  steam  formed.  Sr*^*^-^*^^^  "  r  ^  j  qii  .>,.Kjr 
feet.    If  we  wished  to  find  the  entropy  cv  r 

volume,  as  three  cubic  feet,  find 
parallel  to  OE.    At  the  int 
OE,     The  intersectifin  nf 
the  required  entropy 
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and  find  C2  and  Ci.  Draw  the  curve  CiC^z.  The  fine  so  found  will 
represtMit  the  entropy  at  constant  volume  of  3  cubic  feet  of  steam. 

We  may  now  nioilify  the  ilata  of  the  example  on  page  181. 

Example. — One  pound  of  water  at  100°  F.  is  converted  into 
steam*  temjx^rature  350°  F..  quality  9o^c-  under  constant  pressure, 
and  is  then  expamleil  avlialiatically  to  212°  F.  Tae  exhaust -valve 
then  ojH*us  ami  the  pressure  drops  to  that  corresponding  to  a  tem- 
jvraturt*  of  UX>°  F.:  at  this  pressure  the  remaimng  steam  is  re- 
jtvtexl  to  the  cvmilenser.  Find  the  theoretical  heat  expended, 
heat  rt^jtvteii.  heat  ulilizevi.  and  the  efficiency.    See  Fig.  116. 

The  heat  exfx^ndevl  will  U*  the  same  as  in  the  preceding  example. 

llie  lu^t  rt*jei*tevl  will  be  chat  of  the  preceding  example  less 
the  heat  txiuivaleul  to  the  area  .'jjr^ffu/i.  By  means  of  a  planim- 
eter  litis  can  Iv  obtaine\l  in  si^uare  inches  an<i  the  correspon<Jing 
H/IM\  obiainerl  by  iuiiltipl>-ing  by  the  heat  scale. 

nie  value  ot  the  art*a  :>  jw^rt  ri.ay  be  obtained  from  the  indica- 
tor-oarvi.  Ki.:  lAV  as  it  is  eviviently  ev^ual  to  the  area  r/jA. 

.'•     U.t^i     .^.M     l:>-:.3.     Vol.  of  oyl.  =22.19  eu.  ft. 

o;-  «,^  ■Hv4i^T'.  . 

:\ '."'         ■  ' ,  • ".         '  *.  '  *     "f"  ♦       Nj^   .>  3  T.  T.*. 

■-■ !  :  ■         *    ~r     '^■«    ^ 

\ '. «  ■    .  •  '.    ~  • 


acrr.-^x. 


:-:-v:l  :e-/:VK^ 

■  jlII'  ii  :ecw*?*?!i  "ii-f 


:i?  'lu! '•    ".  •  •':r'*'i  * -iv^i;?/.  :   *»  ..^f -^as*:c<. 
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The  tatal  heat  added  is  the  area  ^1^1/3535266*    This  area  may  be 
^ateil  by  a  ijlaniraeter  or  it  tiiay  be  divided  up  into  the  areai? 
^ih^2^2^  ^2'2^2^6.  ^nti  l2hs^S2*    The  last  area  may  be  obtained  as  ^ 
follows:  The  length  of  any  elementary  strip  at  temperature  T  (ab- 
solute) is  m,  and,  if  the  width  of  the  strip  is  dT,  ite  area  is  J4T, 

This  may  be  integrated  if  we  expra^  L  in  terms  of  the  absolute 
•  eniperature  T.    But 

L=  l()91;7  +  .305  (^-32*^)  -  (^''-32*') 
=  1091,7 -'.7(^-32'=')  =1114  ^.7/,° 
- 1114 - .7  (r-461)  =  1437  - .7  r. 

hhsss,  =  J     [—f—)dT  =  J     ^. /    :idT 

-1437  log.-^!^-. 7(^3 -7%). 

This  equalR  the  net  work  done  if  ttie  back  pressure  is  constant  and 
is  equal  to  the  final  pressure  of  expansion.  If  the  back  pressure 
is  less,  the  increase  can  be  obtained  from  the  indicator*cartl  as  in 
the  precaling  rase. 

Case  3,^The  law  connecting  the  pressure  and  volume  in 
Case  1  is  FFV-Ci,  in  Case  2  it  is  PV^i^C^^  Owing  U}  the  large 
amount  of  initial  condensation  in  steam-engines,  the  steam  at 
exhaust-opening  is  only  superhe^ited  in  exceptional  engines^  Tilth 
high  superheat  at  cut-off.  In  the  case  of  steam-turbines  the 
exliaust,  in  certain  cases^  has  been  found  to  be  superheated. 
This  is  undesirable  and  is  a  source  of  loss.  In  such  engint^  the 
energy  of  the  steam  is  converted  into  kinetic  energy  by  allowing 
the  steam  to  expand.  The  curved  buckets  of  the  turbine  are 
deMgned  to  reverse,  to  a  greater  or  less  extent,  the  motion  of  a 
mass  (of  steam)  moving  at  very  high  velocity.  Tlie  w^ork  done  on 
mo\ing  blades  by  the  steam  is  at  the  expense  of  its  heat  energy, 
I  nd  some  steam  should  condense.  It  is  not  desirable  that  any  of 
thiK  steam  should  re-evaporate.  It  does  so,  however,  and  for  the 
following  reiison.  Whenever  two  masses  of  considerable  density 
move  past  one  anotlier,  friction  is  almost  inevitable.  With  super- 
heated steam  in  a  turbine  the  friction  is  considerable,  and  it  is 
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greater  with  wet  steam,  as  a  very  dif^t  film  of  intter  inereases 
the  surface  friction  greatly.  This  fiictipn  heats  the  buckets,  and 
this  heat  in  turn  re-evaporates  the  condensed  steam  or,  at  low 
temperatures,  if  the  steam  be  dry,  tends  to  superheat  it.  Hie  lew- 
pressure  steam  formed  in  this  way  does  some  work  on  the  following 
vanes  before  it  goes  to  the  condenser. 

The  conversion  of  frictional  resistance  into  heat  may  occur  in 
another  way,  which  forms  the  basis  on  which  the  theory  of  the 
Peabody  calorimeter  rests.  Steam  flowing  through  a  mmpfe 
onfice  in  a  diaphragm  forms  eddies.  The  hi^  kinetic  eneigy  of 
the  steam  in  the  orifice  is  converted  back  into  heat  in  the  chamber 
of  the  calorimeter.  As  no  external  work  is  done,  the  heat  in  the 
steam  at  the  final  temperature  contains  as  much  heat  as  it  did  at 
the  initial  temperature.  This  curve  of  expansion  may  be  called 
the  Canstantrheat  Curve.  If  the  steam  at  the  initial  tempera- 
ture was  nearly  dry,  at  the  final  temperature  the  steam  may  con- 
tain more  heat  than  is  required  by  saturated  steam  and  the  excess 
is  used  in  superheating  the  steanu 

Constant  Heat  Corves  are  hyperbolas  since  4>T^C.    The  coa- 


Fig.  122. 


stant  heat  curve  X3C*,  Fig.  122,  has  the  following  data:  Steam  at 
35(f  F.,  quality  97%,  expanding  in  a  Peabody  calorimeter  to  14.7 
pounds;   the  superheat  will  be  35**  F.,  approximately.    The  point 
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where  the  ciurve  crosses  the  saturated  steam  line  indicates  the 
temperature  at  which  one  pound  of  dry  saturated  steam  contains 
the  same  number  of  B.T.U*  as  an  equal  weight  of  wet  steam, 
quahty  97%,  at  350^  F. 

In  the  case  of  the  constant-heat  curves  a  definite  law  is  fol- 
lowed ,and  intermeiliate  points  may  be  found  and  plotted.  In 
the  case  of  steam  expanding  in  an  engine-:!y!inder  or  in  a  turbine, 
it  is  far  from  easy  to  find  the  values  of  the  variable  quality  of  the 
steam.  Let  sgrng,  Fig.  122,  be  the  curve  of  expansion  followed  by 
steam  initially  dry*  The  increase  in  the  external  work  done,  if  the 
final  pressure  of  expansion  is  equal  to  the  back  pressure,  is  s%mstn^* 
Tlie  additional  amount  of  heat  carried  to  the  condenser,  as  com- 
pared to  the  case  of  adiabatic  expansion,  is  m%eBemz^  Tlie  heat 
utilized  always  equals  the  heat  received  minus  the  heat  sent  to  the 
condenser.  To  make  a  comparison,  let  the  heat  received  in  two  cases 
be  the  same;  in  one  the  expansion  is  adiabatic,  in  the  other  some 
curve,  such  as  Samg,  is  followed.  The  total  heat  received  in  each  case 
is  €itihH^4f  the  heat  sent  to  the  condenser  is  eitim^e^  in  the  case  of 
adiabatic  expansion^  and  is  eit\m^e^  in  the  other  case.    In  the  case 

if  adiabatic  expansion  the  efficiency  is  — r^ — ^,     In  the  other 

case  we  must  convert  ffhe  area  e^sjfn^e^  into  some  area  jr^'fl^ffig^r 
the  area  x^'^amax'  being  a  measure  of  tlie  extra  heat  sent  \b  the 
condenser  and  is  therefore  waited.    The  efficiency  in  the  second 

i   i  T^'^lf 

case  is  then  -/''  These  results  point  out  a  source  of  ther- 

mal  loss  in  the  steam-turbine*  , 

■     Ex.  93.  Compare  the  theoretical  efficiency  of  a  steam-engine  and 

that  of  a  steam-turbme,  both  taking  steam  at  150  pounds  pressure;. 
the  expansion  in  the  steam-engine  is  adiabatic  to  S  pounds  back  pres- 
sure absolute,  and  that  in  the  steam-turbine  is  adiabatic  to  1/2  pound 
back  pressure  absolute,  the  initial  condensation  being  15%  in  the  case 
of  the  engine  and  zero  in  the  case  of  the  turbine. 

Deriving  a  Temperature-entropy  Diagram  from  the  Indicator- 
diagram. — The  two  diagrams  al>ove  mentioned  involve  four  vari- 
ables, /■*,  r,  Tj  i>.  If  J  by  graphic  means,  we  can  pass  from  tlie 
PV  or  indirator-card  iliagram  to  a  PT  diagram,  any  T  correspond* 
ing  to  any  P  is  obtained.    If  from  the  PV  diagram  we  can  pi 
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a  ^F  diagram,  any  ^  is  at  ome  obtained  for  any  V  whose  P  we 
already  have.  Having  ^  and  T  the  ^T  diagram  may  be  con- 
structed. 

As  in  Fig,  123,  draw  two  axes  at  ri^t  angles  to  one  another, I 


On  OV  volumes  are  to  be  laid  off  from  zero  volume. 

On  OP  pressures  are  to  be  laid  off  from  zero  pressure. 

On  OT  temperatures  are  to  be  laid  off  from  zero  absolute  tem- 


On  OE  entropy  is  to  be  laiti  off  in  excess  of  the  entropy  of 
^water  at  the  assumed  temperature^  32°  F,  in  the  above  case.      « 

If,  in  the  given  indica tor-can  1,  the  hyperbolic  curve  is  con* 
'  tinued  through  the  point  of  exhaust-closure  to  the  line  of  steam 
admission,  we  have  seen  that  RS  is  the  measure  of  the  steam  that 
goes  through  the  cycle,  and  RT  can  be  laid  off  to  measure  the 
actual  steam  aduiitted  per  stroke.  The  inrljca tor-card  is  to  be 
placed  in  the  POT''  quadrant  ^ith  if  in  the  Une  PO  at  such  a  pjint 
that  RO  measures  the  absolute  pressure.  It  is  convenient  to  lay 
off  the  entropy  diagram  as  for  one-pound  weight  of  steam  in  tliia 
manner.  From  tlie  tables  we  find  that  an  even  pressure  of  27 
pounds  corresponds  to  an  even  volume  of  15  cubic  feet  for  one 
pound  of  steam.    Through  27  pounds  <iraw  a  line  parallel  to  OF, 

I  intersecting  the  hyperbolic  curve  at  some  point  a.  From  a  drop 
b  perpendicular  on  OV  and  call  the  intersection  15  cubic  feet, 
Bius  determining  the  scale  of  volumes  for  a  cycle  of  one  pound  of 
steam.  After  constructing  the  complete  diagram,  by  merely 
changing  the  scale  the  titmensions  for  entropy  or  volume  will  suit 
the  corrcBponding  steam  weight.  For  instance,  if  the  actual 
weight  were  one-third  of  a  pound,  then  on  the  new  scale,  three 
times  as  large  as  the  present  one,  the  volume  corresponding  to  a 
would  be  5  cubic  feet. 

From  steam-tables  take  the  temperatiu-es  corresponding  to  con- 
venient pressures  and  so  plot  the  PT  curve  in  its  proper  quadrant. 
From  entropy  tables  or  an  entropy  diagram,  the  water  and  satu-* 
^  jated  steam  line-a  may  be  lairl  off  in  the  TOE  quadrant* 
V      The  diagonal  i>V  Unes  in  the  VOE  quadrant  should  be  drawn 
as  required  to  avoid  confusion,  as  there  will  be  one  of  them  for 

•each  point,  a,  etc.,  in  the  hyperbolic  curve. 
Project  any  point ?  a,  in  the  hyperbolic  curve  vertically  to  the 
PV  curve,  obtaining  b  and  c  at  the  interset^tion  of  the  projecting 
line  with  the  intlicator  curves,  and  d  the  zero  of  volume  point; 
project  €  on  the  entropy  curves,  thus  determining  /  antl  g.  Project 
/  and  g  vertically  and  d  and  a  horizon  tall  j^,  thus  locating  the  ^V 
line  hi.  Project  b  and  c  horizontally  and  obtain  /  and  I;  project 
the  latter  vertically  and  obtain  the  required  ptjint^g  k  and  m  on  the 
steam  line  fg.  Find  other  [joints  of  the  ^r  diagram  in  a  ^dmilar 
manner*     (See  Fig.  124.) 

\ 


tBE  STEAM-esaxs  AXD  onuot 


1.  An  had  to  be  mn«d  at  i 

2.  An  had  to  be  icjeetBd  at 


3.  WcrioDgj 
tan  thiw^|t  loes  off  bmt  < 
it.  Lei,  csqaa 

4.  WorloBg  flubstuiee  is  beftted  from  1 
pentnre  br  gunng  beiit  ei|Bd  to  die  extend  viHk  done  OB  it: 


On  the  attropr  <fiagram  (Fig.116)  ti^jpi^^ii  vorid  iiiMMmt  a 
Ckmot  cycle  betmii  tanpcntnv  Ebd^  laAecaaecf 

•  ^  ? *   I  „    „,.-,  J      -^     ^I^SM     MM     ^B^M^      it  ,1 

diervrk;  we  dwoM  hmTeoneponiidoff  m»leratfliehqiEi^g  [winti 
Is,  RceiTiiig  beat  eqoil  to  the  aiea  hih^^^  at  a  tampenitare  d^ 
npandJT^  a<BahaticallY,as  ghcmn  by  fine  Jtipia^  totem|Hffatnie"l^ 
dien  losng  beat^cy^nsMc  in  die  eondauer  at  tampenitare  |» 
Tbe  afasoaeticMi  of  beat  most  stop  vben  comfitiona  indkated  by 
tbe  poadon  of  m^  are  attained.  In  some  aiav  imk  wild  bave 
to  be  performed  on  the  mixture  of  5team  and  water,  aa  that  it 
wo'dJi  all  be  converted  into  water  at  tesnpefatnre  Is.  "Ibis 
c&niiot  be  practically  accc>n;pilished.  but  a  system  of  feed-water 
beaters  has  been  sugEresio-i  and  exei::pli5e«.i  in  the  Xoixiberg  enpne, 
which  is  ihec»retically  a  clos^e  equivalent  to  it.  Where  steam  is  cx- 
pan-io-i  in,  say,  three  cylinders,  the  feed-water  may  be  sueeeaaivdy 
heated  from  the  receiver  intem-ie.iiate  beiween  each  pair,  the 
e5e(t  C'f  which  is  illustrau\i  in  Fig.  116.  The  expanaon  fine  follows 
the  heavy  line.  Ix^ing  carrie^i  over  To  ;.  by  the  first  feed-water 
heaier  and  to  y  by  iho  ^second  feoii-water  heaier.  With  an  infinite 
nuiriber  o:  such  fecti-waier  heaiors,  the  lino  yy  would  be  parallel 
to  r^Ts  &nd  ihe  cycle  Wiv.il,;  be  evy.i:>":alor.i  to  ihAi  of  Camot,* 

**  Rankiiie  Cycle.— Tlds  di5ers  :r.^:v.  the  C&mot  cycle  in  that  the 
condensatic.n  does  not  stop  at  *»;<;.  but  is  :i:L^dc  cv^niplete  by  carrying 
it  to  12.  '* e  therefore  have  a  tv»i:!id  of  water  at  /j.  The  second 
ififTerence  is  that  t.ho  water  is  heatovi  by  external  heat  from  /2  to  (s. 
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^Efficiencies  of  Ideal  Engines, — The  efBeiency  of  the  Carnot 
cycle  is 

the  efficiency  of  the  Rankine  cycle  13 

t  "  Ratio  of  Economy  of  an  Engine  to  that  of  an  Ideal  Engine^ 
— ^The  ideal  engine  recotnmendetl  for  obtaining  tliis  ratio  is  that 
wiiich  was  adopted  by  the  committee  appointed  by  the  Civil 
Engineers,  of  London,  to  consider  and  report  a  standard  thermal 
efficiency  for  steam-engineB.  This  engine  is  one  which  follows  the 
Rankine  cycle ^  where  steam  at  a  constant  pressure  is  admitted  into 
the  cylinder  mth  no  clearance,  antl  after  the  point  of  cut-off  is 
expanded  adiabatically  to  the  back  pressure.  In  obtaining  the 
economy  of  this  engine  the  feed*water  is  assumed  to  be  returned  to 
the  boiler  at  the  exhaust  temperature.  Such  a  cycle  is  preferable 
to  the  Carnot  for  the  purpose  at  han<l,  because  the  Carnot  is  theoret- 
ically impossible  for  an  engine  using  superheated  steam  produced 
at  constant  pressure,  and  the  gain  in  efficiency  for  superheated 
eteam  corresponding  to  the  Carnot  efficiency  mil  be  nmch  greater 
than  that  possible  for  the  actual  cycle, 

*'  The  ratio  of  the  economy  of  an  engine  to  that  of  the  ideal 
engine  is  oi>tained  by  dividing  the  heat  consumption  per  indicated 
horse-power  per  minute  for  the  ideal  engine  by  that  of  the  actual 
engine/' 

Temperature-entropy  Diagram  of  a  Real  Engine. — In  Fig.  124 
let  ABCD  be  the  ideal  diagram,  or  Rankine  cy^le,  of  an  engine 
between  temperature  limits,  as  shown  by  the  |>ositions  of  tlie 
points  A  and  D,  As  shown  in  tliis  tliagram  the  tempera t\ire  at  A 
is  the  temperature  of  the  steam  as  it  enters  the  engine.  If  the 
temperature  at  the  throttle  had  been  chosen  the  Une  -4  B  would  have 
greater  ordinates,  and  if  the  boiler  temperature  had  been  chosen 
the  ordinates  would  have  been  still  greater, 

t  TmDs.  A.  S,  M.  E.     Standard  Hules* 
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The  point  B  represents  the  theoretical  point  of  eutoff,  bat  tte 
real  point  of  cutoff  is  represented  by  h  and  the  real  adndadoqfiiM 
by  Ah,  The  heat  lost  by  initial  condensation  is  represented  by  (lie 
area  between  AB,  Ah,  and  the  full  length  of  the  ordinates  tfaroq|jh 
bandB. 

Keeping  in  mind  that  the  gain  or  loss  of  heat  throu^  doiqg  or 
receiving  external  work  produces  no  entropy  change  and  fliat 
therefore  decrease  of  entropy  means  loss  of  heat  as  heat  and  in* 
crease  of  entropy  means  the  reception  of  heat  as  heat,  we  see  that 
the  inclination  of  W  to  the  left  indicates  the  loos  of  heat  to  tbo 


Fig.  124. 


walls,  and  the  inclination  of  6V  to  the  right  shows  that  the  walls 
are  returning  heat,  but  at  lower  grade,  i.e.,  lower  temperature. 

The  line  dd  indicates  the  changes  in  t^^mperature  and  entropy 
due  to  expansion  at  constant  volume.  Had  the  cylinder  been 
large  enough  in  volume,  adiabatic  expansion  from  cf  would  have 
added  an  additional  amount,  c'34c/,  to  the  work  done. 

Tlie  line  dd!  indicates  condensation  at  constant  pressure  and 
temperature.    The  fact  that  it  does  not  coincide  \\dth  D4  indicat^» 
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that  there  are  resistances  between  the  engine  and  the  condenser^ 
8o  that  a  higher  pressure  and  temperature  are  required  in  the 
former  to  overcome  the  conibineti  resistance  of  the  condenser  and 
passageways. 

The  departure  to  the  left  of  d'e  from  d\  the  point  of  exhaust- 
closure,  indicates  that  the  compression  is  not  adiabatic  and  he^t 
is  given  to  the  cylintler  walls.  The  point  e  may  be  taken  as  the 
beginning  of  compression,  and  the  cylinder  clearance  steam  is  dry 
saturated  steam.  The  line  eA  may  be  considered  as  the  water- 
line  for  the  new  charge  of  steam.  It  must  be  borne  in  mind  that 
in  the  part  of  the  cycle  Abc'dd'  we  are  dealing  with  a  constant 
masSf  as  the  condenser  may  be  assumed  to  be  part  of  the  cylinder. 
The  part  d^JA^  on  the  other  hand,  deals  with  the  much  smaller 
clearance  mass,  so  that  steam  and  water  at  /  nmy  have  less  entropy 
than  a  weight  of  water  ef^ual  tfj  the  full  cylinder  charge  at  the 
same  temperature- 
Ex.  M.  A  steam-boiler  contains  5000  pounds  of  water  and  50 
cubic  feet  of  steam  at  100  pountls  gage  pressure.  The  barometer 
reading  is  29.3  inches.  What  number  of  foot-pounds  of  energy  will 
be  developed  by  the  water  and  by  the  steam  if  the  boiler  explodes? 
What  %*olume  of  steam  will  lje  formed? 

Ex.  95.  Draw  the  Rankine  cycle  for  the  expansion  of  one  pound 
of  steam  at  150  poiinds  per  square  inch  pressure  absohite  to  1  pound 
per  square  inch  pressure  absolute  and  determine  the  efficiency. 

Ex.  96.  If  the  steam  in  the  preceding  problem  had  a  quality  of 
80%  (due  to  initial  condensation)  and  expanded  to  27  inches  of  mer- 
cury  vacuum,  barometer  29.5,  find  the  efficiency. 

Ex*  97,  The  steam-pressure  on  a  steam-pump  ig  100  pounds  ab- 
solute during  the  entire  stroke.  If  the  exhaust  Is  at  atmospheric 
pressure,  30.02  inches  mercury,  what  is  the  efficiency? 


CHAPTER  IX. 
CONDENSERS  AND  AIR-PUMPS. 

A  BRIEF  description  of  two  forms  of  coDdensers  has  been  g^m 
already,  but  the  influence  of  this  vessel  on  the  economy  of  steam- 
turbines  and  other  en^nes  ucdng  the  hi^est  poasiUe  grade  of 
expansion  is  so  great  that  a  more  detailed  description  of  its 
requirements  is  necessary. 

Two  divisions  may  be  made: 

1.  Condensers  giving  a  vacuum  ran^ng  from  fair  to  excel- 
lent. 

2.  Condensers  ^ving  little  to  no  vacuum. 
In  the  first  class  we  have: 

(a)  Jet  condensers. 

(6)  Barometric  condensers. 

(c)  Ejector-condensers. 

(d)  Surface  condensers.  ' 
In  the  second  class  are: 

(a)  Air-condensers. 

(6)  Evaporative  condensers. 

It  is  well  known  that  the  temperature  of  gases  or  vapors  is 
some  function  of  the  rate  of  vibration  of  their  molecules,  and 
that  the  pressure  exerted  by  the  gases  is  some  function  of  tiie  rate 
of  bombardment  of  their  molecules  on  the  containing  vessel. 
When  vapors  condense  there  is  an  enormous  decrease  in  both  the 
ampUtude  and  the  rate  of  vibration,  hence  there  is  a  great  reduc- 
tion of  pressure.  In  the  case  of  non-condensible  gases,  such  as  air, 
the  reduction  of  pressure  on  cooling,  of  course,  is  not  so  great. 

Jet  Condensation. — In  the  jet,  barometric,  and  ejector  con- 
densers the  water  and  steam  are  brought  into  the  most  intimate 
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contact.  The  cooling  or  injection  water  is  sprayed  by  some 
appropriate  form  of  nozzle^  and  the  steam  is  forced  to  travel  one 
or  more  times  through  spraying  cascades. 

Brjth  the  cooUng- water  and  the  steam  carry  large  quantities  of 
Mr  With  them  into  the  condenser.  All  this  air  being  incondensible 
expands  enormously  in  volume  on  reaching  the  condenser,  on 
account  of  the  reduction  of  pressure  and  the  increase  of  temi^era- 
ture  therein. 

The  condensed  steam  and  water^  in  jet  condensation,  form  a 
mixture.  In  some  cases  2%  to  5%  of  this  mixture  may  be  used  as 
feed- water  for  the  boilers  and  the  re.st  runs  to  waste.  If  the  injec- 
tion water  eontmas  anything  injurious  to  the  boilers,  aU  the  water 
nmy  be  wasted. 

Jet  condensers  were  in  common  use  in  marine  practice  until 
1865-70,  It  was  common  usage  to  feed  the  boilers  mth  part  of 
the  discharge  water  from  the  condensers*  As  the  injection  was 
salt  water  containing  1/32  of  its  weight  in  common  salt,  calcium 
carbonate,  magnesium  carbonatCj  etc.,  it  is  evident  that  a  large 
weig:ht  of  solids  would  be  left  in  the  boiler  water,  the  density  of 
winch  would  rapirlly  increase,  as  steam  contains  no  solids.  Some  of 
these  sohds  would  be  deposited  as  scale.  The  density  of  the  water 
would  be  retluced  by  '*bkming  off  "  at  a  fixed  high  density  and 
replacing  the  water  *'  blown  off"  with  water  of  the  lowest  obtainable 
density.    The  loss  of  heat  in  the  water  blown  off  was  considerable. 

The  main  differences  in  the  three  types  of  jet  condensation  are: 

1 .  The  air  and  water  must  be  pumped  from  the  jet-condenser, 

and  it  may  or  may  not  be  necessary  to  pump  the  water  in, 

2.  It  is  necessary  to  pump  the  air  out  of  the  barometric 
condenser,  and  the  water  must  be  pumped  into  an  elevated 
tank. 

3.  In  the  ejector  type  the  water  is  forced  into  the  condenser 
at  high  velocity.  This  water  in  descending  with  high  speed 
past  a  series  of  gills  entrains  or  syphons  air  and  steam  from  the 
main  body  of  the  condenser*  The  mixture  of  air  and  water 
passes  away  by  gra\dty* 

Jet  Condensers.— This  type  Is  used  in  fresh-water  navigation, 
in  places  where  water  is  cheap  and  a  vacuum  is  wanted  eithf^ 
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the  score  of  economy  or  from  the  gain  in  power,  but  oily  feed- 
water  is  feared.  The  spraying-nozzles  clog  at  times  with  leaves, 
fish,  and  other  debris;  hen?e  the  design  should  provide  for  their 
ready  removal.  The  diameter  of  the  spraying-holes  may  be  J", 
and  their  total  area  may  be  three  or  more  times  the  area  of  the 
injection-pipe. 

The  end  of  the  suction-pipe  should  have  a  strainer  and  a  foot- 
valve  and  be  immersed  in  deep  water.  In  rivers  heavy  cribbing 
is  necessary  to  protect  the  pipe  from  ice  and  an  accumulation  of 
logs  floating  on  the  water  surface.  The  suction-pipe  should  rise 
at  a  imiform  grade  without  a  single  bend  or  dip.  The  water  in 
this  pipe  is  under  less  than  atmospheric  pressure,  and  the  air 
therefore  separates  from  the  water  and  lodges  at  the  highest  bends. 
When  enough  air  accumulates  the  ''water  will  not  lift  '*  and  the 
pump  becomes  inoperative.  When  the  bend  cannot  be  avoided  a 
small  pipe  should  be  tapped  in  the  top  of  the  bend  and  then  be 
connected  to  an  air-pump  or  condenser. 

Air  Leaks. — It  is  exceedingly  important  to  prevent  the  leakage 
of  air  into  a  condenser,  as  pumping  out  highly  expanded  air  throws 
much  unnecessary  work  on  the  air-pump.  As  the  vacuum  affects 
the  net  pressure  on  the  L.P.  piston,  a  loss  of  one  or  two  inches  of 
vacuum  will  reduce  the  economy  of  the  engine  materially. 

The  principal  sources  of  air  leakage  are  the  stuffing-boxes  of 
the  L.P.  piston-rod  and  of  the  air-pump  rod;  the  various  joints 
of  the  condenser,  exhaust-pipe,  and  L.P.  cylinder;  the  drip-cocks, 
or  drain-valves,  on  the  main  or  auxihary  engines  which  exhaust 
into  the  condenser.  Absolute  air- tightness  of  joints  is  difficult  to 
secure.  Even  soldered  joints  will  leak.  Metal  to  metal  joints  are 
the  best.  To  test  the  tightness  of  a  condenser  watch  the  needle 
move  backward  the  moment  the  engines  and  auxiliaries  are  shut 
down. 

Dimensions. — As  is  shown  in  Fig.  18,  jet  condensers  are  often 
made  pear-shaped,  the  maximum  diameter  being  twice  the  diameter 
of  the  exhaust-pipe  leading  into  it.  This  shape  tends  to  conserve 
the  velocity  of  the  water  entering  the  condenser  and  causes  the 
delivery  to  the  air-pump  of  a  mixture  of  air  and  water.  Under 
these  conditions  the  water  absorbs  considerable  air,  and  in  any 
case  this  mixture  can  be  handled  with  greater  uniformity  of  pump 
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motion  than  is  possible  when  the  air  and  water  separate  from  one 
another.  The  volume  of  the  condenser  may  be  from  one-fourth 
to  one-half  that  of  the  L.P.  cylinder. 

Weight  of  Injection  Water  for  Jet  Condensation. 

Let  Tr  =  pounds  of  injection-water  per  minute; 
fi  =  initial  temperature  of  injection-water; 
«2  =  final 

then  W{t2  —  ti)  is  the  heat  absorbed  by  the  injection-water  per 
minute  and  must  therefore  equal  the  heat  lost  by  the  steam  per 
minute.  Now  the  total  heat  received  by  the  steam  per  minute 
from  all  sources  minus  the  external  work  done  in  the  engine  per 
minute  is  the  heat  above  32®  F.  sent  to  the  condenser  per  minute, 

,,     I.H.P.X33,000       „ 
=  wHt- =n^g =  wHe, 

where  H,  =  total  heat  received  from  all  sources  above  32®  F.; 

Hc  =  hesLt  (above  32°  F.)  per  pound  of  steam  as  it  goes  to 

the  condenser; 
k;= pounds  weight  of  steam  sent  to   the  condenser  per 

minute; 
w{Hc  -  {12  - 32°))  =  W{t2  - f i),  or,  more  accurately, 
w{Hc-q2)^W{q2-qi). 

The  diameter  of  the  injection-pipe  may  be  calculated  by  allow- 
ing a  velocity  of  600  to  800  feet  per  minute  to  the  injection-water. 
A  velocity  in  excess  of  this  may  be  obtained  when  the  condenser  is 
much  below  the  level  of  the  surface  of  the  water-supply.  The 
pressure  of  the  atmosphere  then  supplies  the  power  to  force  the 
water  into  the  condenser.  Knowing  the  static  head  and  assuming 
any  velocity,  the  corresponding  velocity  and  friction  heads  may  be 
calculated.  The  sum  of  all  the  resistance  heads  should  be  less  tlian 
the  head  that  is  equivalent  to  the  difference  of  the  pressure  of  the 
atmosphere  and  that  in  the  condenser. 

Ex.  98.  Design  a  jet  condenser  for  a  1000  horse-power  engine 
using  15  pounds  of  steam  per  horse-power.  Make  a  sketch  showing 
size  of  injection-pipe,  form  of  sprayer,  number  and  size  of  holes  in 
sprayer.    Assume  other  conditions. 
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Ex.  99.  Design  a  jet  condenser  and  air-pump  of  type  shown  in 
Rg.  8  for  a  Corliss  engine  of  40  horse-power,  using  25  pounds  of  steam 
per  I.H.P.    Assume  other  conditions. 

Ex.  100.  Design  the  suction-pipe  line  for  Ex.  98.  This  pipe- 
line must  cross  a  levee  15'  above  mean  low  level  of  the  river.-  Maxi- 
mum and  minimum  river  heights  10'  above  and  below  mean  low  level. 
River  bottom  soft  mud  to  a  depth  of  10  feet. 

Barometric  Condenser. — In  many  operations,  steam  must  be 
condensed  at  some  elevation  above  the  ground.  If  this  be  over  35' 
it  is  evident  that  the  discharge-water  would  flow  away  by  gravity. 
All  that  is  necessary  is  to  seal  the  end  of  the  tail-pipe  (discharge- 
pipe)  in  a  tank  or  barrel  of  water.  Fig.  125  illustrates  a  counter- 
current  barometric  condenser,  so  called  because  the  cooling-water 
is  flowing  in  one  direction  and  the  air  in  flowing  to  the  vacuum- 
pump  is  moving  in  the  opposite  direction.  In  this  case  it  is  evi- 
dent that  only  the  air  moves  to  the  vacuum-piunp,  as  all  discharge- 
water  flows  away  through  the  tail-pipe.  It  should  be  noticed  in 
Fig.  125  that  the  final  temperature  of  the  air  on  its  way  to  the 
vacuum  pump  is  that  of  the  incoming  water,  whilst  in  Figs.  17 
and  18  it  is  the  temperature  of  the  discharge  water.  The  weight 
and  volume  of  the  air  to  be  handled  in  barometric  condensers  is 
very  much  less  than  in  jet  condensers.  Serious  accidents  have 
happened  by  the  use  of  improperly  designed  condensers.  For 
instance,  cases  have  occurred  in  which  the  water  inside  of  the  con- 
denser acquired  a  g^Tatory  motion  and  then,  rising  over  34'  high 
in  the  condenser,  flooded  through  the  enpne  exhaust-pipe,  causing 
the  breakage  of  the  cylinder-head.  When  this  type  receives  a 
larger  amount  of  steam  than  usual,  the  current  of  steam  and  water 
may  reverse  and  flood  the  air-pump.  If  the  bottom  of  the  dis- 
charge-pipe becomes  uncovered,  air  enters  and,  forming  ascending 
pistons,  lifts  the  water  (as  in  the  Pohle  air-Uft  in  wells)  and  may 
cause  the  flooding  of  the  cylinder.  As  the  passageway  for  the  air 
to  the  pump  may  be  very  much  constricted  by  water,  ample 
passageway  should  be  allowed.  The  spray-tubes  are  very  liable 
to  become  choked,  and  the  injection-pipe  should  deliver  into  a  tee 
on  the  sprayer,  so  that  by  the  removal  of  two  blank  flanges  the  lat- 
ter may  be  easily  cleaned  (Fig.  262).  Condensers  of  tlds  character 
are  used  in  connection  with  vacuum-pans  and  multiple  effects  in 
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er.  This  action  is  due  to  the  high  velodty  of  the  water  entering 
the  contracted  orifice  above  the  gill,  and  since  the  smn  of  the 
static,  velocity,  and  friction  heads  must  be  constant^  it  is  evident 
that  if  the  velocity-head  is  increased  the  static  head  mU  be  de- 
creased, 

In  tests  made  with  an  injector-condenser  of  this  type  in  winter 
in  New  York  the  condenser  pressures  varied  from  0,82  pound  to 


Fig.  127. 

,25  pounds  absolute,  the  engine  varying  from  340  to  1004  I^H.P- 
An  objection  to  this  condenser,  when  used  with  varial>Ie  loads,  is 
that  the  same  vohime  of  water  is  required  t-o  fill  the  throat  regard- 
less of  the  load. 

I       Surface-condensers.  —  The  Alberger  condenser  (Fig.  128)  has 
several  unique  features.    The  exhaust^steam  enters  either  at  '' 
bottom  or  at  the  side  near  the  JK)ttom,    The  cooling- water  en 
at  the  top  and  leaves  at  the  bottom.    The  object  of  this  arrar 
ment  is  to  obtain  a  full  counter-current  transfer  of  heat,    ^i 
steam  as  it  rises  is  condensed,  and  Uie  water  thus  pro 
down  against  the  inconung  steam  and  Is  removed  hy 
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Ypam^    Oti  arcount  of  tlus  mtiitiate  contact  the  feed-water  acqtiirei 
the  satne  tcinpefaturr  as  the  steattL    Hie  air  kft  af t^-  ooDdenai- 
\  before  being  withdrawn  br  Ike  drr-ttr  ptto^  ts  eooled  bf 

;  over  ttie  tubes  contaiaiiiK  the  r<A)e?t  cirvitlatiaii  irmter. 
In  tbe  lover  part  of  Uie  coodfnaer^iefl  is  a  (fiaphfmgtn  to  db* 
tribute  the  steam  to  all  |«rts  of  the  eottfattg.    Hie  method  of 
i  #**tr*C  ^  ifireclioii  of  flow  of  the  eooE^g-water  is  ^mUar  to 
I  by  the  airow^  in  Fig.  Ifi, 
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to  any  back  pressure,  however  low,  theoretically  there  would  be  an 
enormous  gain  in  reducing  the  condenser  pressure  to  the  lowest  pos- 
sible amount.  In  the  steam-turbine  there  is  no  trouble  with  initial 
condensation,  and  it  was  expected  that  there  would  be  a  great 
advance  in  economy  from  the  greatly  increased  ratio  of  expansion 
possible.  As  a  consequence  machinery  for  the  production  of  a 
vacuum  of  29"+  has  been  devised.  The  entropy  diagram  will 
show  that  if  steam  is  expanded  adiabatically  to  40  or  50  times  its 
original  volume,  theoretically  some  20%  of  it  would  be  converted 
into  water.  As  it  is  the  province  of  the  steam-engine  to  convert 
heat  into  work,  the  above  effect  would  be  very  desirable.  Unfor- 
tunately, from  causes  explained  under  the  head  of  turbines,  much 
of  this  water  from  friction  is  converted  back  into  steam.  It  is  evi- 
dent that  this  causes  a  loss  in  the  external  work  done,  since  the 
latter  is  the  difference  between  the  heat  entering  the  turbine  and 
that  going  to  the  condenser. 

Amount  of  Cooling-water. — ^The  amount  of  cooling-water  per 
pound  of  steam  entering  a  surface-condenser  is  somewhat  greater 
than  it  is  in  the  case  of  jet  condensation,  as  the  range  of  tem- 
perature of  the  cooling-water  is  less.  As  an  engine  converts  into 
work  only  10  to  15%  of  the  heat  it  receives,  in  practical  design, 
it  is  not  important  to  be  particular  about  the  pressure  at  which 
the  heat  is  sent  to  the  condenser  since  H  does  not  vary  greatly 
with  the  pressure.  Evidently  t^  is  not  only  indeterminate  in  such 
cases  but  is  also  variable  and  a  variation  of  three  degrees  in  its 
assumed  value  has  a  material  effect  on  the  value  of  W. 

Let   h  =  the  initial  temperature  of  the  cooling-water; 
/2'=the  final  temperature  of  the  discharge-water; 
^3  =  temperature  of  the  condensed  steam; 
He  =  heat  in  the  steam  entering  the  condenser  above  32°  F. ; 
It? = weight  of  steam  entering  the  condenser  per  minute; 
TF= weight  of  injection- water  per  minute. 
Then  wlHe-itz" -32)]  =W{t2-ti),  or,  more  accurately, 
wiHe-qz)  =  Wiq2''qi). 

The  outside  diameter  of  condenser-tubes  is  1/2",  5/8",  or  3/4"; 
thickness  of  metal,  .049";  the  spacing  is  1  1/2  diameters;  length 
from  6'  to  16',  but  supported  at  5'  spaces;  composition  Cu,  70, 
Zn,  29;  Sn,  1,  or  Admiralty  metal;  packed  by  screwed  glands 
7/8"  diameter  and  cotton  tape. 
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hi  t>niiiuiry  l:\iul  sitvUo  ihec«>>linc-surface  k  1  sq.  ft.  for  even' 
10  pHi!ul>  of  sii'suii  tho  t'ndno  u^*•s:  with  high  vacua,  as  with  tur- 
biiu's.  I  >.|.  ft.  for  4  lo  S  poutiii?  of  <trani  i<allowt\i.  The  velocity 
ot  \\:iti'r  tl'.rvniizh  the  tuU^  i<  fn^ni  V^^^  to  '3.)0  feet  iH?r  minute. 

Heat  Transfer  through  Metals.— Many  e.\{H>riment.s  have  U-en 
i\\:u\:-  o!\  uw  r:i:e  oi  iwM  tnin<fer  through  heating-surfacr>. 
\\  ::v!i  'iv^  vii:Ti':\':i-.e  of  r!".:ii  :» :!i:vraru!>*:5  at  the  two  surfaces  is 
\v'->  V.-.^i'.  :i>  i:-  s-rarv.  •\u'...rii.  ti-.-.  rate  of  heat  trau-for  probably 
N:ir!'<  \^'.t:'.  <•  •'.:  IN  W'.  r.  :T»'Ui:.\y  tiiv  ?teo::..i.  o(  the  •iifff-rmce  in 
til  :\\.^  u:*:^' r:i:;:r;-  I::  s-.:r:a>  co::.ifC?*/r?  the  ain-Ten-.-e  of 
[\\:\  \  \.::'.:  t. -u'u-  ^  A'  ■::■'  i:;<:  i-  -  an.:  ■  u::^ii":-tube  ?iirface<  ii  ?o 
^:•.■;l■.'  •■■.■'  '*:•.  r.iV  :<  .:■  :•.  -.il'.y  tak-::  :i5  vAnin^  with  the  liifereni.'O 
o:  :■•    %•••;.  -ii::r-  -    v  ;■ 

\t  .-.,..  ■..■;y  ;;:-.i-.;  <  ^:;  ::  :  ..r-;  :-  a  iir-nrcce  of  :  rv<si:>-.  an-l 
\\\\'  ■  %  •s',->x<  vv  ;  "  *:':  r  i-A  :::^  -  ::.-  ::  te":ptrr:i:Mrv  ana  the 
:-r  \  .\  \'r'\\<  .- '  ■  •''.  •-:»-i'.:.-  ^7a»L:-n:.  -r.  in  th-rr 
w      >  K"   '    \  :•  ■  i$   .:■  •      ■;    "li: .  :::y  -srith  "^hi^h  thr  ha: 

^  ..\  ■.*•=.•■  .  ■  '  ". '  ''.'.*  .7  .-.  .  ".  ■->.  '\.r'i\^  :t?«f.:  1*  i."Xiy? 
\   —    ^  -^         .        ■  *  ■-     '  .-..     A.  ^    :•    -r    •    tn-    '^;«  t.  jr^a?-    ^  :\.v, 

"      ''.v^  "*     *  ..       .    ".^   •.       '..".'    ■ '  .•-."'.'d      .   •     ■.     ".'.*:  t"*' .'  n-"ft.i-.  ?■    .""A   ■  ". 
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3.  Increasing  the  rapidity  of  motion  of  water  through  the 
tube  increases  the  efficiency  of  heat  transfer.  The  rise  in 
temperature  of  the  water  will  be  less,  but  at  high  velocities  the 
product  of  the  weight  of  cooling-water  and  its  rise  in 
ieniperalure  will  be  greater  than  that  same  product  at  low 
velocities. 

Professor  Perry*s  Theory. — This  theory  is  given  as  applied  to 
a  boiler  tube,  but  it  appUes  in  a  measure  to  condenser  tubes  as 
the  steam  takes  the  place  of  the  hot  gases  and  the  water  is  the 
quantity  heated  in  both  casc^*  According  to  this  theory  the 
rate  at   which  heat   is   imparted    to  a  boiler  tube  is  propor- 

tonal  to: 
L  The  difference  of  temperature  between  the  hot  gases 
and  the  metallic  surface. 
2.  The  density  of  the  gases* 
3.  The  velocity  of  the  gases  parallel  to  the  metaUie  surface. 
4.  The  specific  heat  of  the  ^ses  at  constant  pressure* 
The  heat  transmitted  per  second  per  unit  of  heating  surface  m 

where  H=the  amount  of  heat  transmitted; 

C  =  the  specific  heat  multiplied  by  a  constant; 

1?  =  velocity  of  gas  parallel  to  the  metallic  curface;  ^ 

p= density  of  the  gas. 

That  the  heat  imparted  should  depend  upon  the  difference 
of  temperature  is  self-evident.  Experiments  seem  to  show  tlrnt 
it  does  not  depend  upon  a  higher  power  of  the  temperature  differ- 
ence than  one,  Weiss,  for  instance,  makes  it  depend  upon  the 
square  of  the  temperature  difference,  but  Josse's  experiments 
do  not  favor  this  exponent. 

Heat  is  imparted  by  molecular  impact  and  the  greater  the 
number  of  these  impacts  per  unit  of  area  and  per  unit  of  time 
the  greater  the  molecular  vibration  of  the  metallic  surface.  As 
the  number  of  impacts  is  proportional  to  gas  density ^  it  is 
evident  that  density  should  be  one  of  the  factors  in  the  transfer 
of  heat. 

The  effect  of  a  blow  is  lessened  if  there  is  a  cushion  between 
the  striking  and  the  struck  object.    If  we  imagine  a  number  * 
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inert  gM  mokraleB  ffitang^d  in  Uie  qMees  faefcvwn  tlie 
molecules  and  holding  otber  gM  mokraleB  bj  nttinrtion  9X  tbe 
metallic  surface  ve  have  sodi  a  codnon.  (See  fig.  129.)  If 
the  heating  gM  paans  with  a  Strang  concnl  ao  that  theae  inert, 
non-moving,  cold  gM  molecales  are  swept  a»my  it  ia  evident 
that  a  stronger  blow  will  be  struck  on  the  meCallie  amfaee  and 
hence  mme  heat  will  be  conveyed.  That  the  value  off  H  wi& 
dep«Kl  upon  r  is  the  mc»e  evident  when  we  ifmember  what 
poor  conductcMs  of  heat  all  gases  are.  In  all  fonna  off  steam 
condensation,  it  is  noticeable  how  violent  the  bolfiqg  aetioo  is 
directly  i^posite  tbe  induction  steam-pine  if  faafflea  or  deflectoa 

I 

I 
I 


Fig    129. 

are  not  placed  in  front  of  it.  A  strong  steam  current  over  the 
entire  cooling  surface  is  necessan-  for  a  high  mean  rate  of  con- 
densation per  square  foot  of  cooling  surface.  As  gas  currents 
take  the  lines  of  least  resistance  it  is  e^'ident  that  their  direction 
of  flow  must  be  compulsor}-  to  avoid  short  circuits,  air  pockets, 
and  dead  ends  in  which  there  is  no  circulation. 

All  gases  at  the  same  tem[>erature,  pressure,  and  volume 
contain  exactly  the  same  number  of  molecules.  (Avogadro's 
Law.)  But  they  require  and  give  up  different  amounts  of  heat. 
The  latter  depends  upon  the  specific  heat  of  the  gases,  hence  the 
heat  given  up  should  var}'  with  the  specific  heat.  In  the  case  of 
condensers  this  factor  is  mensed  in  other  empirical  factors. 
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Heating  or  Cooliog  Siuface. — ^The  value  of  any  one  of  the 
four  factoi"s  in  the  equation  below  is  easily  deduced  after  we 
have  obtained  the  proper  value  of  the  other  three. 

This  equation  is  applied  to  surface  condensers,   feed-water 

heaters,  multiple  effects,  vacuum-pans,  or  any  form  of  apparatus 

where  heat  is  given  up  by  a  hot  fluiil  and  absorbed  by  a  cooler 

one  through  some  metallic  surface* 

In  this  formula, 

H=the  total  heat  transmitted  in  B.TAI.  per  hour  through  the 

entire  heating  surface,  A; 
F=the  number  of  B.T.U.  transmitted  per  square  foot  of  heat- 
ing surface   per   degree   difference    in   temperature  in 
degrees  F,  Ix^t  ween  the  heating  and  cooling  fluids  per  hour; 
il  =  area  of  the  heating  surface  in  square  feet; 
rn  =  the  mm^n  difference  in  temperature  in  degrees  F.  between 

the  hot  and  col<l  surfaces  for  one  hmir; 
IF  =  the  pounds  of  cold  water  passing  through  the  heater  per 

hour; 
r,= temperature  of  steam  to  be  condensed  (at  constant  pres- 
sure) ; 
iA= temperature  of  the  hot  liquid  (if  other  than  steam)  at  any 

point; 
thi  and  ihj  are  initial  and  final  temperatures  of  the  hot  fluid ; 
fc= temperature  of  the  cold  fluitl  at  any  point; 
U^  and  Ici  are  initial  and  final  temperatures  of  the  cold  fluid; 
th—U^  the  difference  in  degrees  F,  between  the  hot  and  cold 

fluid  at  any  point. 
The  Mean  Temperature,  Tm^—hi  an  endeavor  to  find  the  mean 
temperature  between  the  heating  and  cooling  sides  we  see  that 
four  cases  may  occur: 

Fig,  130.  The  hot  fluid  maintains  a  constant  temperature 
and  there  is  a  continuous  rise  in  temperature  in  the  cold  fluid; 
Fig.  13L  The  cold  fluid  has  a  constant  temi^erature  but 
the  hot  fluid  varies  in  temperature; 

Fig.  132,  Both  fluids  change  in  tcmpemture  and  both  flow, 
in  the  same  direction,  in  currentjs  parallel  to  the  heating  surface*. 
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This  would  occur  in  concentric  tubes^  one  carrying  the  cokl 

and  the  other  the  hot  fluid; 

Fig,  133.  Both  fluids  change  in  temperature  but  both  flow 

in  opposite  dirt?ctions  parallel  to  the  heating  «5in"faee. 

The  following  discusBion  i.^  limited  to  the  case  of  feed-water 
lieaters,  as  is  illustratetl  by  Fig.  130.  Steam  at  constant  tem- 
perature, Ti,  gives  up  heat  to  water,  raising  its  temperatum  from 
if,  to  L^. 

Formula  for  Tm* — Case  /•^In  a  time  dt  the  temperature  of 
the  water  will  rise  an  amount  dO  where  &^Ta  —  t<^^ 

^h  FAOdt^Wdd  ^hGB.t  transferred  in  time  di, 

H      Let  t=l  hour, 

M     As  F 
^■urface  [ 


As  F*4^the  number  of  BT.U.  transmitted  by  the  heating 
rface  per  hour  for  one  degree  differeuce  in  temperature, 


T,-U, 


FATm -  Tf  log,  rp     ;-  ■  Tm  =  total  heat  transmitted  =  W{Tci -  Tc^). 

i  s  —  kj 


b 


r„= 


Tei  —  Tn  (7*,  — ifj)  —  {  T,  —  ie,)      dj  — di 


lo& 


T.~T„ 


logt 


T,-tc, 


'"^1 
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where  di=difference  in  temperature  between  the  hot  and  cold 
fluids  initially, 
da  =  difference  in  temperature  between  the  hot  and  cold 
fluids  finally. 
In  fact,  according  to  Grashof,  Theoretische  Maschinenlehre,  1, 
the  mean  temperature  in  each  of  the  four  cases  is  giA'en  by  the 
formula, 


r«,= 


1    '^i* 


For  example,   Ln   an   opposite   current    condenser,   the   eolf' 
liquid  enters  at  50"^  F.  and  leaves  at  176*"^;    the  hot  li' 
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enters  at  212^  F.  and  leaves  at  122^  F.    What  is  the  mean  tem- 
perature.    Here   di-36^  F.,   (ia-72^  F.     Hence  |^2"'S" 

51.9^  F.    This  is  a  case  of  the  cooling  of  water  ooming  bom 
condensed  steam. 

When  vapors  are  cooled  the  operation  should  be  divided 
into  two  parts.  In  the  first  part  the  vapor  is  cooled  and 
densed  at  constant  temperature  and  in  the  second  the 
liquid  is  cooled  at  a  varying  temperature  to  soibe  lofwer  tem- 
perature. During  these  two  operations  the  factor  F  is  quite 
different,  as  will  be  seen.  The  mean  temperature  differeooei  I*«t 
should  be  obtained  for  each  operation. 

Feed  Heaters. — Feed  heaters  should  accomplish  mnidi  moie 
than  heating  the  feed-water  important  as  that  is.  It  is  oii|^ 
in  recent  years  that  proper  attention  has  been,  pven  to  the 
steam-boilers  and,  owing  to  the  high  development  of  steam- 
engine  economy,  it  is  often  possible  to  obtain  greater  eoonoinybj 
attention  to  boiler  management  than  to  refinmg  the 
room  economics.  For  high  boiler  efficiency  it  is  absolutely  i 
tial  to  obtain  a  supply  of  feed-water  free  of  salts  or  scale-fomi- 
ing  substances,  oil,  gases,  acids,  alkalis  or  organic  matter.  lii 
brief,  feed-water  should  bo  pure  and  as  hot  as  it  is  possible  to 
get  it. 

The  themial  efficiency  of  an  injector  used  as  a  boiler  feeder 
is  100%,  but  that  does  not  make  it  necessarily  a  better  feeder 
than  a  lx)iler  feed-pump  whose  thermal  efficiency  may  be  only 
1/50  of  that  of  the  injector.  If  the  exhaust  from  the  steam- 
pump  is  sent  to  an  open  fecnl  heater  the  thermal  efficiency  of 
pump  and  heater  Ix^comes  100%  approximately  if  radiation  is 
neglected.  The  injector  using  live  steam  from  the  boiler  is  there- 
fore far  less  efficient  than  the  pump,  as  its  steam  pumps  and  purifies 
the  feed-water.  Injectors  are  unreliable  with  hot  water  and  are 
unreliable  as  pumps  if  the  resistance  is  liable  to  fluctuation. 
Injectors  cannot  be  used  to  pump  water  that  has  been  heated 
in  a  heater  nor  can  they  be  used  as  pumps  to  send  water  through 
heaters,  since  the  water  has  been  so  heated  in  the  injector  as 
to  make  the  heater  inoperative.  Injectors  do  not  remove  any 
foreign  matter  whatever  from  the  feed-water,  and  the  decrease 
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in  economy  due  to  the  formation  of  scale,  the  destruction  of  the 
boiler  due  to  acids  or  alkalis  must  Ix'  charged  to  the  injectors. 
Feeil-heaters  may  be  dividt^il  into  three  classes: 

1.  Open-fe»etl  heaters: 

2.  Closed-fee<l  heaters* 

3.  Feed  purifiers. 

Choice  of   a  Feed  Heater. — In  choosmg  a  feed  heater  it  is 
essential  to  keep  in  mind  all  the  HMjuirements  of  the  situatioiL 


^i^...  . ..;.-.. ^::.: 


I'n;.  l.i.'>. — A  conventional  illustration  showing  the  penenil  method  of  con- 
nect ini:  np  :i  Cochnine  TtHHl-Water  Heater  an<l  Purifier,  where  all  of  the 
exhaust  is  j)a>stMl  thnuijrh  heater-  enirine  exhausting  free  to  atmosphere 
at  all  times.  Pump  exhaust  enteriMl  into  main  line  ahead  of  heater. 
I)in»ct  and  fnv  tVrd  line  from  heati-r  to  pump.  Heater  foundation  as  hijch. 
(»r  preferahly  hijrher  than  pump  foiniilation.  Live  steam  drips  s;ive<l 
hy  n»turnini:  to  heater  thnnii:h  .steam  tri]».  Direct  connection  to  cold 
watrr  supply.  Waste  ]U|H'd  direct  to  s^'wer  or  other  convenient  point  not 
higher  than  Uittom  of  hrater.  and  without  any  valves  in  the  line. 

Ill  practically  all  case.<  the  oil  inu-<t  hv  \vu\o\\\\.  Once  water 
and  oil  are  iiiixod  it  i.^  almost  imin^s.^ihlc  to  separate  them,  hence 
the  oil  should  U^  remov(^<l  from  xho  steam  l>v  the  use  of  a  sepa- 
rator. The  other  reciuirements  are  fixed  l)v  the  composition  of 
the  feed-water,  ^'olatile  ^ases  slunild  W  driven  out.  Some 
salts  are  precipitated  arounil  212"  F.  but  others  are  precipitated 
only  at  high  temperatures.  Some  feed-watei^  form  scums  and 
some  do  not.     Hence  invors,  settling-cliambers,  chani- 
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BFS  holding  chemicala  to  cause  pre<npitatioti  may  or  may  not 

be  necessan', 

Open-Feed  Heaters  (Figs.  134  and  135). — Open-feed  heaters 
are  simple  in  coiust ruction,  are  exposed  only  to  one  or  two  pounds 
pn^svsure^  are  efficient  as  the  steam  h  brouglit  into  direet  contact 
with  the  feed-water,  neither  deteriorate  nor  lose  their  heat 
tran^ifer  capacity  and  being  of  ample  capacity  serve  as  hot  welk. 
All  the  volatile  gases  are  expelled,  thus  enormously  reducing 
the  work  of  air-pumps;  they  are  equipped  with  means  of  purify- 
ing the  water  of  oil  and  various  salts,  carlxjnates  of  lime,  and 
magrjesia  for  instance;  have  settling  and  filtering  chambers  in 
atldition  to  oil-separator. 

Exhaust  steam  in  condensing  will  give  up  enough  heat  to 
raise  six  to  ten  times  its  own  weight  of  water  from  onlinary 
t^'mfwrature  to  203^  F.,  which  is  about  as  high  as  o|}en-feed  heatei'^ 
can  heat*  Hence  they  cannot  utilize  the  entire  exhaust  from 
the  main  engines  for  feed  heating.  But  the  exhaust  from  a 
few  pumps  wnll  supply  this  heat  and  therefore  a  condensing  j>lant 
should  turn  their  exhaust  into  feed  hc^aters.  In  so  doing  tliey 
far  exceed  the  main  engines  in  economy. 

Closed  Feed  Heaters  (Fig.  136), — Closed-feed  heaters  are  tha^e 
in  which  the  heat  is  transferred  through  some  form  of  heating 
surface  to  the  water  in  a  vessel  which  is  closed,  so  that  the  water 
may  be  heated  above  212*^  F.  This  heater  is  best  suited  to 
water  which  is  free  from  scale-forming  deposits  and  volatile 
gases.  For  instance,  carbonates  are  precipitated  when  the  CO2 
is  driven  out  of  the  water.  In  closed  heatei^  if  the  CO2  is  not 
driven  off  these  salts  will  be  deposited  on  the  boiler  tubes.  This 
will  happen  if  the  valve  placed  for  this  purpose  on  the  heater 
m  not  opened  to  permit  the  gases  to  escape. 

The  closed  type  of  heater  is  subject  to  boiler  pressure  and  the 
corresponding  strains  and  accidents;  it  is  not  as  economical  as 
the  open  heater,  and  becomes  less  so  as  the  tulx^^  become  covered 
with  scale;  it  is  difficult  to  remove  the  scale  from  its  tubes;  a 
coating  of  oil  on  its  tubes  renders  them  less  efficient;  the  con- 
densed steam  is  ordinarily  wasted;  the  precipitate  does  not 
settle  owing  to  the  agitation  of  the  water. 

It  is  extremely  desirable  to  reduce  the  amount  of  gases 


252        THE  STEAM'EIfGIXB  AXD  OTHER  HEAT-MOrOBA. 


^^wneiLOf 


<£mGfAK£Bfim  co^ 


CONDEmSES   AND   AiR-PUMFS. 


253 


into  the  condenser  when  high  vacua  are  desired-  These  gases 
interfere  with  the  economy  of  the  condenser  and  increase  niate- 
TiaOy  the  load  on  the  air-pump.  In  the  open  heatei^  these 
gases  are  driven  out  automatically- 

In  the  design  of  a  closed  heater,  in  addition  to  the  properly 
arrangetl  heating  surfaces  to  abetraet  all  the  heat  possible  from 
the  steam,  other  requirement.'^  arise  from  the  necessity  of  main- 
taining that  efficiency  with  the  least  amount  of  trouble.  Being 
under  boiler  pressure  the  heads  must  be  stayetl  if  not  thick 
enough  to  withstand  expected  pressures.  Grease  may  be  re- 
niovt*tl  by  gentle  boiling  in  a  strong  alkali  and  scale  by  subse- 
quent boiling  in  a  weak  acid  solution.  Do  not  mix  the  acid  and 
alkali. 

Percentage  Gain  in  Using  Feed  Heaters. — The  theoretical  gain 
in  pi.Tcentage  by  the  use  of  fec^l-watcr  heaters  is  easily  shown* 

^^       Let  H  =  B,T,U.  in  one  pomid  of  steam  at  boiler  pressure; 

^fe  gi=B.T,U-  in  one  pound  of  water  as  delivered  from  the 

^^^^  heater; 

^^^H       g2  =  B«T*U.  in  one  pountl  of  feed-water  before  lx?ing  heated; 

^^BP         j:i= percentage  gain. 


Then, 


'^jfi 


Suppose  one  pound  of  unheate^l  feed -water  at  60"^  F,  is  raised 
to  202**  F.  in  an  open  heater  and  is  then  forced  into  a  boiler  at 
100  iMjunds  gagCj  what  is  the  percentage  gaiu?  From  the  tables, 
if  =  11819, 

17Q.5-28 
^^1184.9-28"  ^^^' 

Theoretically,  then,  the  gain  is  1%  for  every  12%  gain  in 
feed-water  tenii>erature.  There  arcp  however,  a  number  of  gains 
that  cannot  be  calculated  easily  in  percentage.  The  heater 
driv(^  air  and  carbonic  acid  out  of  the  water  and  so  lessens  oxida- 
tion in  the  boiler  and  makes  the  air-pump  work  much  lighter 
if  a  condenser  is  used.  The  circulation  of  the  water  in  tlie  boiler 
is  imdoubtedly  improved  and  the  economy  of  the  boiler  from 
4hst  cause  is  improved.    An  undoubted  gain  is  the  fum 
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of  pure  soft  water  to  the  boilers  thus  reducing  the  fonnatum  d 
scale  and  prolonging  the  life  of  the  boiler.  Most  heaten  an 
provided  with  means  to  remove  oil  from  the  steam  where  the 
water  is  used  to  feed  boilers.  The  percentage  gain  then  varies 
from  1.2  to  1.4%  for  each  increase  of  10^  in  the  feed-^water. 

Relative  Value  of  Feed-water  Heaten  and  BconcmiiMn.— 
Feed-water  may  be  heated  by  the  hot  gases  which  would  other- 
wise go  to  waste  and  it  becomes  a. question  as  to  which  is  the 
better  source  to  look  for  economy.    In  England,  where  the 


Fir..  137. — Hoppes  Heater. 


boilors  liav(^  less  heating  surfaee  than  those  in  this  country, 
economizers  an*  used  extc^nsively. 

]^]eononnzers  eannot  purify  the  water,  neither  do  they  serve 
to  remove  any  of  the  al>sorlK\l  gases.  The  purchaser  has  to 
consiiliT  the  relativ(*ly  high  initial  cost;  the  high  cost  of  upkeep; 
a  high  rate  of  (h^preeiation;  the  difficulty  of  keeping  the  appa- 
ratus in  an  efficient  condition:  the  value  of  the  space  occupied; 
its  effect  on  the  draft  or  the  cost  of  forctxl  draft.  No  hard  and 
fast  nile  can  bo  laid  down  and  each  case  must  be  considered  on 
it«  merits. 

Closed  Purifiers.— Fig.  137  reprf^nts  a  closed  purifier.  The 
purifier  is  generally  placed  o^  "^  water  is  pumped 

into  the  boiler  and  tri^'  eomes  m. 
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contact  with  the  steam  from  the  boiler  at  boiler  pressure  and 
temperature.  Many  sall^  are  depositeti  at  the  high  tempei-a- 
tures  attained  which  would  not  be  precipitated  at  lower  tem- 
pemtures.  It  is  iniporiant  to  take  the  steam  to  run  pumps 
and  other  auxiliarj'  machinery  from  the  top  of  the  purifier  and 
in  tliat  way  remove  gases  arising  from  the  feed-water.  From 
the  purifier  the  water  nms  into  the  boiler,  through  the  regular 
gate  and  check  valves,  by  gravity. 

It  is  generally  contended  that  there  is  an  economic  gain  in 
taking  steam  from  the  boiler  to  heat  the  Eeed-w^ater,  as  is  done 
in  purifiers.  There  will  certainly  be  a  gain  if  salt^  are  rc*moved 
which  would  scale  up  the  boiler.  Independent  of  this  reason, 
it  is  contended  that  the  hotter  feed-water  causes  an  increased 
circulation  of  the  water  in  the  boiler.  Recently,  however,  some 
periments  were  made  which  seemed  to  discredit  the  above 
^theor)\     The  (juc^tion  iis  still  open. 

Heating  Surface  in  Feed  Water  Heaters. — ^In  the  open  heaters 
and  the  closed  purifiers  there  is  no  heating  surface  as  the  steam 
and  water  are  brought  into  intimate  contact.  In  these  vessels  a 
large  volume  must  Ix^  used  to  divide  the  steam  and  water  into 
thin  divisions  to  bring  about  the  necessary  intimate  contact. 
In  the  closed-feed  heater  the  heating  surface  must  be  calculated. 

Instead  of  finding  the  mean  temperature  by  calculus  the  arith- 
metical mean  is  often  used.  In  Case  I,  Fig,  130,  for  instance, 
such  a  mean  would  be 

Value  of  the  Heat-transfer  Factor  F. — The  ability  of  a  heating 
surface  to  trauf^fer  hrat  if>  far  greater  than  the  amoimt  of  heat 
which  is  actually  transferrf^d.  The  resistance  to  heat  transfer 
does  not  lie  in  the  molecular  resistance  of  the  metal  but  in  the 
resistances  at  the  two  surfaces,  as  is  shown  in  the  discussion  of 
Professor  Perrj^'s  theo^>^ 

In  surface  condenst^rs,  for  instance,  the  factor  F  is  dependent 
upon  the  density  of  the  steam,  its  %^elocity  of  flow,  the  velocity 
of  the  water  squared  (or  perhaps  cubed),  the  amount  and  charao' 
,ter  of  the  incrustation  of  the  cooling  surfaces,  the  position  aii 
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dunectioD  of  the  oooGng  surfMes,  widtliaiid  capacily  of  the  eoR- 
densn*  space,  and  whether  the  tubes  are  diomied  witih  irater 
from  above  or  blanketed  fay  ur  whidi  ia  not  dnven  off  faj  tk 
cunent  of  thesleam. 

In  ckHed4eed  water  heatoa,  leceiviug  atasam  at  ^"^wip^^r"^ 
preaeure,  the  vahie  of  F  is  often  taken  to  be  proportional  abnpijr 
to  the  vdodty  of  flow  of  the  walier.  TUb  aflBomea  all  otber  eoa- 
iUtkms  to  be  nonnal  and  at  their  best  For  inntanirr,  if  the 
arithmetic  mean  of  the  tempentures  be  taken,  proctkal  laulte 
are  obtained  if  F  is  taken  in  B.T.U.  per  hoar  tlie  aame  as  the 
vekidty  of  flow  of  the  oooGng  water  in  feet  per  minnte.  TfaoB, 
if  the  oooGng  water  flows  at  200  feet  per  nnnnle  Iken  F  la  200 
B.TX.  per  hour  per  square  foot  per  dcgime  F.  dilleieuoe  of  tem- 
perature. If  the  k)garitfamic  diffeiqice  be  taken,  Iken  an  as- 
sumed value  of  F^325  BTX.  seems  to  gjKpe  better  naoltB. 

ExampLt. — ^Wbat  amount  of  heating  smfiaoe  is  neoeaauy  to 

beat  50,000  pounds  of  wat^  pa-  hour  from  40^  to  aOQP  F.  with 

steam  at  212°  F. 

^      «,«    300+40    ^ 
r«=212 o— =92, 

50.000200-40^     ,^. 

2Jj^jV92 =^3o  square  feet, 

'»r  u-iiig  the  logarithmic   mean  temperature  and   325  for  the 

/•CK-ffic'i^-rjt, 

325-4  =  50.00(1  log,  o'^^fr^. 
.4  =  410  square  feet. 

Primary  and   Secondary  Heaters. — If  the  steam  an  its  war 

1/)  i}jf'  foudensCiT  passes  through  a  heater  we  can  nise  Uie  feed- 
vai^T  from  40'-'  F.  ^winter  conditions)  to  110°  F.  if  tlie  Tmcmnn 
^rarri'i'J  i*^  20  inches,  com^sponding  to  a  temperature  of  136°  R 
Dit:  f(.-^^J-wat^r  at  110^  F.  can  be  raised  to  205°  F.  in  another 
ht^aVfr  when:*  exhaust  st-eam  from  pumjis  or  other  nan-condensing 
<iiginw  k  u»ed  as  the  heating 

The  preceding  method  i  I  to  find  the  amount  of 

beating  surface  in  »  vy  heater  to  laise 
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50,000  pounds  of  water  per  hour  from  40°  F.  to  205°  F.  if  the 
mam  engine  carries  a  vacuum  of  26  inches. 


Tm=126- 


T^=212. 


40  +  110 


2 
110+205 


=  51, 


50,000(110-40) 


=  55, 


200  +  51 
50,000(205-110) 


=343  square  feet; 


200X55 


432  square  feet 


775  total  area  in  both  heaters* 
Factor  F,  according  to  Harisbrand. — In  finding  the  rate  of  heat 
transfer  Hausbrand  divides  the  operation  into  two  parts.  In 
the  first  part  the  factor  F  is  large,  as  it  is  applied  only  to  the 
cooUng  surface  at  which  steam  is  condensed.  In  the  second 
part  a  lower  factor  is  used,  as  it  is  applied  only  to  the  cooling 
siuf  ace  at  which  the  condensed  steam  is  cooled  below  its  boiUng- 
point  to  some  lower  temperature. 

In  thermal  units,  B.T.U.,  per  square  foot  per  hour  per  one 
degree  difference,  the  factor  is 

F=57\/T>J/0.023  +  F/, 
where  Vd  is  the  velocity  of  the  steam  in  feet  per  second  and  V/ 
is  the  velocity  of  the  cooling  water  in  the  same  units. 

The  table  below  is  for  F  at  various  velocities  of  the  cooling 
water  in  feet  per  second,  but  for  a  steam  velocity  of  one  foot 
per  second.  For  any  other  steam  velocity,  with  any  of  the 
tabulaied  velocities  of  the  water,  the  proper  F  is  determined  by 
multiplying  the  tabulated  value  of  F  by  the  square  root  of  the 
steam  velocity  in  feet  per  second. 

Table  A. 


V/     of     cooling 
water  m  feet 

0.003 

0.026 

0.066 

0.5 

,0.75 

1.00 

t.5 

2.0 

3.0 

5.0 

7.5 

9  0 

10.0 

Fin  B.T.U 

17 

21 

25 

4G 

52 

57 

65 

72 

82 

97 

112 

US 

124 

The  Coefficient  of  Transmission  of  Heat,  F,  between  two  liquids 
at  different  temperatures  may  be  found  from  the  equation 

40 


F= 


,     10  ,— 
l+yvt?/. 


+ 


l  +  yViy, 
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where  iVi  is  the  velcx^ity  in  feet  per  seoond  of  (me  liquid  and  ^i 
is  the  velocity  of  the  other  in  the  same  units.  For  certain  veted- 
lies  the  value  of  F  is  tabulated  below  in  B.T.U.  per  square  foot 
of  cooling  surface  per  hour  per  degree  F.  differeoGe  of  temperi- 
ture: 

Table  B. 


Vv 

ty,. 

0.25 

0.36 

0.49 

0.64 

0.81 

1.00 

1.96 

8.00 

4.00 

0.25 

53 

57 

59 

62 

64 

66 

73 

77 

79 

0.36 

57 

60 

63 

66 

69 

71 

79 

83 

85 

0.49 

59 

63 

67 

70 

72 

75 

83 

89 

93 

0.64 

62 

67 

70 

73 

75 

79 

88 

04 

99 

0.81 

64 

69 

72 

75 

80 

83 

93 

101 

105 

1.00 

66 

71 

75 

79 

83 

86 

96 

105 

111 

1.96 

73 

79 

83 

88 

93 

96 

106 

123 

lao 

3.00 

77 

83 

89 

94 

101 

105 

123 

135 

144 

4.00 

80 

87 

93 

99 

105 

111 

130 

143 

154 

In  endeavoring  to  apply  these  formulas  to  a  condenser  the 
variety  of  conditions  encountered  therein  will  be  made  apparent 
The  formulas  show  possibilities  for  future  improvement,  point- 
ing out  surface  efficiencies  that  ought  to  be  attained  but  are 
not  and  indin^ctly  indicating  the  reason  therefor. 

Suppose  that  we  are  required  to  find  the  cooling  surface  per 
100  pounds  of  steam,  exhausted  at  10  pounds  absolute,  193°  F.; 
temperature  of  injection,  00°  F.;  temperature  of  discharge, 
90°  F.;  temperature  of  feed-water,  110°  F.;  velocity  of  cooling 
water,  200  feet  per  minute.     Assume  other  data  as  required. 

To  condense  the  steam  to  water  at  its  boiling-point,  193°  F., 
will  require  the  absori)tion  of  its  latent  heat  or  978.8  B.T.U. 
per  pound.  To  cool  the  water  from  193°  to  110°  F.  will  require 
the  absorption  of  83  B.T.U.  or  about  1/12  of  the  former  quantity. 
Ideally  then  the  range  of  the  injection  from  00°  to  90°  F.  should 
be  divided  into  twelve  parts  and  one  of  those  parts  should  be 
devoted  to  cooling  the  condensed  steam  and  eleven  should  be 
devoted  to  condensing  the  steam.  The  range  of  temperature  of 
the  injection  would  be  60°  to  63°  F.  for  cooling  and  63°  to  90° 
for  the  condensing. 
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y^_  (193-63)- (193-90) _ ^^^,  ^  ^ 


logt 


130 


103 

(193-63)- (110-60) 
130 


=83^ 


These  teniperaturea  do  not  differ  materially  from  the  arithmetical 

means. 

The  velocity  of  steam  as  it  strikes  the  tulies  may  be  very 
uch  less  than  its  velocity  in  the  exhaust-pipe.     Similarly  the 

velocity  of  the  descending  hot  water  on  the  tubes  is  indefinite. 

We  are  not  interested  in  its  velocity  in  falling  from  tube  to  tube. 

Let  us  assume  5000  feet  per  minute  as  the  velocity  of  the  steam 

and  40  feet  per  minute  for  the  velocity  of  the  hot  water  on  the 
'     tubes.    Hence  Krf=83.3,  iy,  =  .ti6  feet,  and  j?/,  =  3J  feet.     F  (from 
I     Table  A)  =84;    Vr7=9.1.  F  (from  Table  B)=95. 
^^      Heat  transmitted  per  stjuare  foot  of  cooling  surface 
^t^  Condensing=(9.1)(84)(117J  =  89,400  B.T.U., 

^^K  Cooling      =(83)  (95)  =7,8S6  B.T.U. 

H     T( 
■       Hi 


100x978  8 
To  condense  100  Ite.  steam  requires  -  ^^  irnf  "^  l.l  sq,  ft.; 

rr  linn  IK  .  '        IQQX  (lOs'-llQ)      ,  ^^.         ,^ 

To  cool  100  lbs.  water  requires ^^^^ ^  1.0(}  s^i  ft. 


Hence 


100 


7885 
■^46  pounds  of  steam  are  condensed  and 


r 


L06-M.1 
cooled  per  square  foot  of  cooling  surface. 

As  this  result  m  not  secured  in  practice  under  the  given  cir- 
cumstances it  is  imiKjrtant  to  discuss  the  causes  of  the  difference* 
In  the  first  place,  it  is  seen  that  the  transmiasion  of  heat  in  con- 
den>shig  is  ten  or  a  fiozen  times  that  in  cotjling.  If  therefore  any 
of  the  condensing  surface  is  water  covered  all  the  time,  since  its 
rate  of  heat  transmission  is  enormously  reduced,  it  is  evident 
that  a  very  great  increase  must  be  made  in  the  cooling  surface 

make  up  for  the  loss  of  the  more  efficient  sm'face. 

Sup{K>8c*,  for  example,  that  one-half  of  the  condensing  surface 
is  water  covereii    Then  one-half  of  89,400  B.T.U,  must  be  trans- 


mitted by  water-cooled  surfaces.    Then 


44J00  +  83Q0 

7886 


=  6;7  square 
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feet  of  cooling  surface  will  be  required    As  the  ocmdeiifiuig  surface 

100 
is  now  .55  feet,  we  have  ^^     ,,"«18.8  pounds  of  steam  con- 
densed and  cooled  per  square  foot  of  cooling  surface. 

In  the  contraflo  type  of  condenser  an  average  of  33  poands 
of  steam  were  condensed  and  cooled  per  square  foot  of  cooDng 
surface.  The  rate  for  the  upper  tubes  was  much  hi^ier  than 
thb.  It  is  instructive  to  examine  the  tables  and  note  the  effeet 
that  the  velocity  of  steam  and  cooling  water  has  on  the  ooeffident 
of  heat  transmission. 

Contraflo  Condensers. — ''  A  leading  feature  of  this  type  of  eon- 
denser  is  a  compartment  draining  of  the  feed-water  .(Figs.  138|  139). 
The  condenser  is  divided  into  three  compartmente  by  two  (fia- 
phragms  somewhat  inclined  to  the  horiiontal,  and  the  water  of 
condensation  in  each  of  the  three  compartments  is  drained  off 
directly  from  that  compartment,  so  that  the  surfaces  in  the  lower 
compartments  are  unimpeded  in  their  condensing  action  by  water 
from  the  upper  compartment  flowing  over  themu  As  the  major 
part  of  the  condensation,  even  at  fairly  hi^  rates  of  oondensa* 
tion,  is  completed  in  the  highest  sections  of  surface  on  ^^ch  the 
steam  first  impinges,  the  importance  of  this  feature  is  apparent^ 
and  its  influence  will  be  seen  in  the  results. 

"  Surface  Efficiency. — Surface  efficiency  is  at  the  root  of  all 
efficiency  in  a  surface-condenser.  That  condenser  is  the  most 
efficient  in  which  each  square  foot  of  surface  transfers  in  given 
time  and  conditions,  as  to  water-supply,  etc.,  from  the  steam  to 
the  water,  the  largest  number  of  heat-units.  This  will,  moreover, 
be  the  condenser  wliich  will  not  only  register  the  highest  vacuum, 
but  will  maintain  it  at  the  least  cost  in  condensing  water,  and 
with  the  smallest  surface  and  cubical  capacity  per  pound  of  steam 
condensed.  It  will  also,  in  given  conditions,  be  the  one  to  yieLd 
the  highest  hot-well  temperature.  Now,  in  order  that  a  surface 
may  act  thus,  it  is  necessary  that  the  steam  should  have  free  access 
to,  and  should  pass  over,  sufficient  surface  on  the  one  ade,  and 
that  all  the  condensing  water  should  come  into  direct  and  efficient 
contact  with  the  surface  on  the  other  side.  This  clearly  cannot 
be  the  case  if,  on  the  steam  side,  practically  the  whole  surface  is 
continually  subjected  to  showers  from  the  water  of  condensation, 
or  if  the  steam  can  short-circuit  any  material  amount  of  the  sur- 
face; nor  can  it  be  the  ca^"        *^he  water  side  if  the  condense 
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water  flows  through  the  tubes  in  unbroken  cylindrical  streams, 
peripheries  of  which  streams  alone  come  into  actual  contact  with 
the  tube  surface,  and  a  greater  or  less  proportion  of  water-core 
passes  through  without  efficient  contact.  Hence  the  augmented 
efficiency  of  the  surface  as  a  whole,  due  to  the  early  interception 
and  removal  of  the  feed-water,  the  provision  for  promoting  steam 
circulation,  and  the  adoption  of  a  suitable  ratio  between  the  surface 
and  the  water-carrying  section  of  each  tube  element,  by  the  intro- 
duction of  a  solid  displacing  core  in  the  tubes  or  otherwise,  as 
shown  in  Fig.  139a.  The  effect  of  the  use  of  cores,  as  against  open 
tubes,  on  economy  in  vacuum  production  will  be  dealt 
with  later  on.  The  cores  used  on  these  trials  were  tri- 
angular laths  of  hard  wood  rough  from  the  saw.  They 
lo.  39a.  ^^j.^  about  two  inches  longer  than  the  tubes,  and  were 
simply  inserted  in  the  tubes  without  any  fastening  whatever.  The 
annexed  figure,  139a,  shows  a  full-sized  section  of  tube  and  core  in 
place. 

'*  Let  ft  =  temperature  of  injection-water; 
^0=  "  ''  discharge-water; 

tv=  "  corresponding  to  the  vacuum  F. 

"Then  the  index  of  relative  siu*face  efficiency  is  the  ratio  y  in 

relation  to  /»,  the  heat-units  absorbed  per  pound  of  condensing  water 
being  (to-t<).  The  greater  this  quantity  the  less  the  condensing 
water  required  per  pound  of  the  steam  condensed.  Hence  economy 
of  condensing  water  is  one  very  important  result  of  enhanced  sur- 
face efficiency.  Ec'onomy  of  water  is  important  from  several 
points  of  view.  First,  as  in  the  case  of  land  installations,  water 
may  itself  have  to  be  purchased.  Second,  it  has  to  be  pumped 
through  the  condenser;  and  any  saving  in  water  means,  other 
things  being  equal,  power  economy  in  vacuum  production. 
Third,  water  may  have  to  be  cooled  for  repeated  use,  and  in  this 
case  surface  efficiency  of  condenser  has  a  double  effect.  Not  only 
is  there  less  water  to  be  pumped,  but  owing  to  its  higher  outlet 
temperature  there  will  be  a  greater  mean  difference  between  the 
temperature  of  the  water  to  be  cooled  and  the  air  which  cools  it; 
and  hence  cooling-towers  will  be  more  efficient,  and  may  therefore 
be  of  smaller  size  for  given  power. 

''  Another  important  result  of  enhanced  surface  efficiency  is,  of 
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course,  economy  of  condensing  surface,  O^ing  to  steam  space 
being  tlispenseci  mih  in  this  type,  a  given  surface  is  containetl  in 
less  capacity  of  cundeaser-shelL  These  two  features  conduce  to 
ec!onomy  of  weight  and  ca parity.  From  the  point  of  view,  there- 
fore, of  weight  and  space  occupied,  this  type  of  condenser  has 
important  advantages,  wliich  would  seem  to  render  it  peculiarly 
adapted  for  use  aboard  ship^  and  specially  so  for  all  classes  of  war- 
vessels^  in  which  both  weight  and  space  are  of  supreme  importance. 
In  the  case  of  marine  condensers,  economy  of  condensing  water  ia 
of  itself  of  secondary  importance;  but  economy  of  pumping  power, 
of  weight  and  space  occupied,  degree  of  vacuum  maintained,  and 
hot-well  temperature  are  all  of  great  importance. 

*^The  table  gives  results  obtained  under  similar  contiitions  by 
two  Contraflo  condensers  and  one  olil-type  condenser  attacheil  to  a 
quach-upte-expanaon  engine  7"XlOi"Xl5|"  X23",  stroke  18'', 
using  steam  at  about  210  pounds,  superheated  50°  F, 


Co«den»* 

Surface 

CtmdenmsT* 

Surfa«, 

Cap««ity. 

Steiim 

porSa*  Ft. 
per  Utiur. 

VipCuuiQ, 

ing  Water 
per  1  Lb. 

Ste&Tii^ 
tnkt 

Tetnp. 

-50  F, 

per  HP, 

&i  lowing 
12Lbi. 

per  M  P. 

RAlAtiva 
Cftpacily 
per  H,P. 

(Nw.3-1). 

Hour, 

Sq,  Ft, 

Cu.  Ft. 

Llifl. 

Iu>«. 

Sq.  Fl. 

No,  3.  ,  ... . 

62 

6 

^ 

28 

32 

.36 

I 

*•     2. 

100 

9.6 

20 

28 

24 

.6 

1.63 

OM  type, , . 

170 

IB 

10 

28 

4J 

1.2 

9  6 

"Tbermal  Efficiency, — The  higher  hot- well  temperature  and  the 
smaller  amount  of  condensing  water  and  surface  are  both  due,  the 
former  entirely  and  the  latter  partially^  to  the  same  cause,  vi^., 
the  compartment  drainage  of  the  condenser.  At  all,  except  very 
high  rates  of  condensation^  or  with  very  small  quantities  of  con- 
densing water  per  pound  of  steam,  the  greater  proportion  of  the 
condensing  work  is  done  by  the  surface  situated  in  the  uppermost 
compartment.  The  great  mass  of  the  feeil- water  is  therefore  with- 
draTiiTi  from  the  condenser  at  a  temperature  sensibly  equal  to  that 
obtaining  in  the  top  compartment  of  the  condenser  and  liiithout 
pas^sing  over  the  cooler  conrpartnieBts  lower  down,  and  specially 
escaping  the  lowest  compartment  of  all,  which  is  thus  reserved  aa 
an  efficient  air-coohng  section.  The  hot- well  temperatures  of  th© 
old  type  are  from  ten  to  fifteen  degrees  lower  than  those  for  c.q^ 
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resi)onding  conditions  in  the  new  type  for  all  degrees  of  yacu& 
exceeiling  26  inche5«. 

'*  The  absolute  pressure  in  these  condensers  is  practically  unifonn 
throughout  the  interior;  but  the  temperature  is  not  uniform 
throughout.  It  is  always  higher  at  the  top  t^an  at  the  bottom. 
Tlie  absolute  pressure,  therefore — the  vacuum — must  be  a  com- 
proniisi*  l>otween  tliat  due  to  the  top  and  that  due  to  the  bottom 
toin|x*ratures.  As  a  matter  of  fact,  in  air-tight  systems  the  vacuum 
rivordtnl  is  generally  somewhat  Iiigher  than  that  corresponding  to 
the  top  temperature,  but  is  not  so  high  as  the  bottom  temp^t^- 
ture  would  inthoate,  especially  at  high  vacua. 

**  Economy  in  Vacuiun  Production. — Conditions  are  conceivaUe 
in  which  a  given  vacuum  might  be  too  dearly  purchased.  Leaving 
out  of  account  for  the  moment  all  question  of  the  first  cost  or 
weiglit  of  the  vacuum-protlucing  appHances,  including  condenser 
and  pumps,  as  well  as  any  commercial  value  attached  to  the  con- 
densing water,  we  have  on  one  side  of  the  account  the  power  ex- 
pended in  maintaining  the  vacuum  and  on  the  other  side  the 
power  realized  from  it.  Ob\'iously,  if  a  given  vacuum  should  cost 
more  in  power  for  its  attainment  than  it  returns  in  the  shape  of 
power  due  to  it  in  tlie  engines,  it  would  be  bad  policy  to  work  at 
^^u(•ll  a  vacuum.  On  the  above  basis,  the  power  cost  of  a  vacuum 
will  comprise  the  powtT  rccjuinul  to  drive  the  air- and  circulating- 
pumps.  The  power  al)sorhe(I  by  the  air-pump  will  clearly  depend 
upon  its  size  and  spc(Ml.  hut  so  far  as  degree  of  vacuum  is  concerned 
tiic  power  seems  practically  independent  of  the  vacuum,  at  leas: 
for  the  Edwards  type  of  pump  and  for  vacua  ranging  between 
2i)"  and  29".  If  then*  is  any  (*ff(M't  at  all,  it  is  so  small,  in  a  com- 
parative s(Mis(*,  as  to  he  negli^ihh'  in  practice.  (For  proof,  see 
j)age  270.) 

'^\s  regards  the  power  absorbed  by  the  circulating-pump,  this 
will,  of  course,  depend  upon  several  factors,  according  to  the  cir- 
cumstances of  each  indivi(hial  cas(»;  hut  so  far  as  the  essential 
circumstance  is  concerned,  viz.,  the  production  of  different  degrees 
of  vacua  in  a  given  conih'user — the  power  will  dep^q^,  oa  two 
factors  only — the  (juantity  of  cond(*nsing  water  «u 
pr(\ssure  against  which  it  is  pro|)elle«l  tliroup 

"The  speed  of  the  circulating  water 
1}'  to  \\'  |>er  second  with  no  cores,  i 
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the  eorresponding  maximum  resistancea  being  those  due  to  beads 
of  l(y  and  32'  respectively." 

Surface-section  Ratio, — If  L  Is  the  length  of  one  tube  and  the 
water  circulates  4  times,  the  length  of  one  element  =  4L,  Calling 
^  the  exterior  surface  of  one  element  and  a  the  cross-sectional 

area  of  one  tube^  then  the  surface^ection  ratio  =  ( -")«  The  numer- 
ator of  this  ratio  indicates  proportional  heat-absorbing  capacity, 
and  the  denominator  profK>rtional  condensing  water-carrying 
capacity;  and  it  might  therefore  \ye  exjiected  to  have  a  determining 
influence  upon  the  efficiency  of  comiensers  on  the  water  sitle.  In 
this  type  of  condenser  surface  efficiency  is  indepenilent  of  rate  of 
condensation — up  to  37  lbs,  per  sq.  ft,  per  hour — but  it  is  materially 
dependent  upon  the  value  of  the  surface-section  ratio. 

The  Bole  advantage  of  cores  in  these  trials  consisted  in  the 
fact  that  they  afforded  a  ready  means  of  changing  the  surface 
section  without  the  necessity  of  structural  alterations  in  the  con- 
denser. In  new  designs  the  same  end  can^  of  course,  Ije  attained 
by  the  adoption  initially  of  suitable  proportions  and  without  cores. 

Maximum  efficiency  will  occur  when  discharge-water  t'Cm^jera- 
ture  i**^  ecjual  to  the  temj>erature  at  the  condenser  top.  Tliis  is 
practically  attaineii  when  the  surface  section  has  a  value  of  some- 
thing like  2900  or  3000/  * 

Cooling-towers* — In  many  places  water  is  either  unobtainable 
in  large  quantities,  exi>en«ive,  or,  if  abundant,  contains  elements 
such  as  nuid,  salts,  or  acids  that  are  objectionable.  Some  appli- 
ance that  will  reduce  the  amount  of  water  necessary  to  operate 
conrlensers  is  desirable*  Evidently  if  the  cooling- water  could  t>e 
Cooled  and  used  repeatedly,  a  very  great  sa\'ing  would  bo  effecteiL 

Fig.  14Q  represents  the  Alberger  cooling- tower  for  this  purpose. 
It  consists  of  a  thin  cylintlrical  steel  shell,  open  at  the  top  and 
supportetl  on  a  suitable  foundation,  and  having  fitted  on  one  side 
a  fan,  the  function  of  wliich  is  to  circulate  a  current  of  air  through 
je  tower  and  its  filhng.  This  filling  consists  of  layers  of  cylindrical 
inch  tiles  2  feet  long,  breaking  joints.  The  hot  water  passes 
H>ugh  a  central  pipe  to  four  perforate^l  arms  that  are  made 
t  by  the  discharge  reaction.  The  water  is  thus  sprayed 
9,  down  wliich  it  runs  in  thin  layers,  exposing  an  er 

*  Lutidon  Engineering, 
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phere,  and  a  direct  engine-drive  pmves  economicaK  The  water 
lost  per  hour  by  evaporation  in  the  tower  ^  .8  of  the  feed*waler 
usal  per  hour.  Hence  the  total  water  required  by  a  condensing- 
plant  with  a  tower  is  .8  of  the  feed-water  insteatl  of  30  to  50 
times  the  feed-water.  The  ix)w^er  to  run  the  fans  varies  froni  2% 
to  less  than  1%  of  tliat  of  the  main  engine. 

The  following  data  show  the  eflfect  of  changes  in  the  season: 


Tempeniture  of  atmosphere. 

30^  F, 

36«F. 

78*  F, 

96"  F. 

S5^  F. 

59*  F, 

"            amdenser    difl 

charge  to  cooling -tower. . 

no* 

110* 

120^ 

130° 

118* 

129* 

Tfanpemtiire  of  injection  re- 

lumed from  tower . 

65^ 

M* 

S4° 

93* 

88" 

92" 

DegreeH  of  heat  extract^  by 

tower 

450 

26^ 

36° 

37* 

30" 

37* 

Spefd     of    fantt     at     tower 

R.P.M . . . . 

36 

0 

145 

162 

150 

148 

Vactiiim  a^  condenser,  tBchee 

25i 

26 

25 

24i 

251 

25 

Stmkea  of  air-pump . . . . 

30 

30 

37 

44 

43 

29 

Boiler- prefigure. . . , 

Temp,  boiler-feed-  ^. , .  * .  ^  * . 

110 

no 

120 

120 

120 

112 

212** 

212* 

210* 

211" 

213" 

213* 

The  gain  by  condensing  is  shown  in  the  following  table ;  * 


r 


Fwc]-«^teT  p«r  I.H.F.  p*r  Hour, 

Trp»  of  Eogint, 

OcKidfiitfiiig, 

GAJued  by 
Condenni^* 

FrobiiblA 
Lied  its. 

Anaumeif 
for  Com- 

Prob«bl» 
limit*. 

fy  r  CoBi- 

Simple  high'^peed. . ,  .    . . 

*  *       low-       '  *     

Compound  hi|;h-^pc«d.  .  .  . 

low-      **     .... 

Triple  high-^I>eed 

k  "■••■■ 

35  to  26 
32**  24 

30"  22 

27W2I 

Lb*.        1 

33 

29 

26 

24 

24 

25  to  19 
24  '*  IS 
24  '*  1« 
20  *'  12i 
23  "  14 
18  '*  12 

22 

20 
20 
18 
17 

33 
31 

23 
25 
29 

Correct  Absolute  Condenser  Pressure. — Tlie  vacuum  on  a  eon- 
densing-engine  is  usually  expressed  in  inches  of  mercury,  wliether 
a  mercury  column  or  the  ordinary  Bourtlon  gage  is  used.  The 
latter  is  seldom  correct  enough  for  accurate  work  and  ther- 
mometers properly  placed  give  more  accurate  r^ults.    If  the 


♦  See  A.  S,  M.  E,,  Vol.  XVIU 
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mercury  column  is  itfied,  care  nuwl  be  taken  in  intc^rpreting  iu 
jcadiug.  If  tlie  barometer  reads  29  6  an<^t  the  corrected]  merctiry 
odumn  reads  27.5,  the  absolute  pressure  in  the  condenser  k  21 

2 1 
indies,  or  l*-7^rs--^l  ^  2.1  - 1.032  pounds  per  sq.  in.,  corre- 
sponding to  102^.5  P.  If,  however,  the  barometer  stood  at  30.5 
the  pressure  would  then  have  been  .491 X  (30.5 -27.5)  =1.473 
pounds  per  sq.  in.,  corresponding  to  I  W.5  F.  This  would  make  & 
smous  difference,  for  example,  in  the  adiabatlc  expanaon  of 
steam  in  a  steam-turbine. 

Wet  Vacuum-pump  Design.— Let  us  state  a  few  Inm  Ibpt  aic 
demonstrated  in  boola  on  i^ysics: 

1.  The  temperature  of  dbuUition,  or  the  boflbie-pQiaL^  fa^ 
creases  with  the  pressure. 

2.  For  a  pven  pressure  ebullition  begins  at  a  eerlaiiiL  teni* 
perature,  which  varies  in  different  liquids,  but  iriliiflb,  for  eqpal 
pressures,  is  always  the  same  in  the  same  liquid. 

3.  Whatever  the  source  of  heat  as  soon  as  etNdfitkm  bqpn% 
the  temperature  of  the  liquid  remains  stationary. 

4.  The  tenaon  and  consequently  the  quantity  of  vapor 
which  saturates  a  given  space  are  the  same  for  the  same  tem- 
perature whether  this  space  contains  a  gas  or  is  a  vacuum. 

5.  The  tension  of  the  mixture  of  a  gas  and  a  vapor  is  equal 
to  the  sum  of  the  tensions  which  each  would  possess  if  it  occupied 
the  same  space  alone. 

In  engineering  problems  none  of  these  laws  is  absolutdy  true  be- 
cause the  requirements  of  the  law  are  not  fulfilled.  The  conditions 
existing  in  the  vapor-space  of  a  jet  condenser  are  very  comfdex. 
The  injection-  and  feed-waters  bring  into  the  condenser  from 
5%  ^o  7%  of  their  volume  of  air  when  reckoned  at  atmospheric 
pressure  and  temperature.  The  volume  that  this  air  will  occupy 
in  the  condenser  depends  upon  its  tension  or  pressure  in  the  con- 
denser, and  not  on  the  total  pressure  in  the  condenser  as  diown 
by  a  vacuum-gage.  The  latter,  as  sho\*Ti  by  law  5,  indicates 
the  sum  of  the  pressures  due  to  the  steam  tension  and  the  vapor 
tension. 

The  fi\'e  laws  given  p*  a  vapor  and  its  liquid. 
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^hen  there  is  temperature  equilibrium  in  both  vapor  and  liquid 
(wldch  occurs  in  experiments  when  vajjor  and  liquitl  are  quiescent), 
must  not  be  applied  too  rigidly  to  masses  moving  vnth  cyclomc 
velority.  Tlic  temperatures  of  the  A^apor  and  its  liquid  are  not 
the  same,  and  the  temperature  of  both  differs  tliroughout  their 
nia.ss  in  engine-condensers  * 

For  our  purposes  it  is  close  enough  to  take  the  mnan  tempera- 
ture of  tlie  vapor  and  liquid  and  find  the  eorresponding  pressure. 
This  is  approximately  the  pressure  due  to  the  steam,  and  the 
differenre  between  this  quantity  and  the  pre8sure  as  ealeulated 
from  the  vacuum-gage  reatling  is  the  pressure  due  to  the  ineon- 
densible  gases^  such  as  air,  carbonic  acid,  etc.  If  the  mean  tem- 
perature of  the  water  and  steam  were  126®  F,,  we  know  that  the 
pressure  due  to  the  steam  vapor  is  2  pounds  per  scj.  in.  If  the 
vacuums-gage  shows  24",  the  barometer  reading  being  30",  the 
total  pressure  in  the  condenser  would  be  2.94  pciunds,  and  the 
pressure  due  to  the  air  alone  would  be  .94  pound  per  sq,  in, 

T\\e  importance  of  distinguishing  between  the  air-  and  steam- 
pressures  will  become  apparent  if  we  attempt  U>  obtain  lugh  tlegrees 
of  vauua  in  any  system  of  jet  condensation  where  the  air  is  allowed 
to  separate  from  the  water. 

Air-puixip. — -fit  is  sometimes  thought  that  a  large  air-pump 
is  a  very  inefficient  machine  for  handling  comparatively  small 
amounts  of  air,  and  the  reason  given  is  that  the  piston  of  the 
pump  is  drawing  against  the  vacuum  all  the  time,  and  there  is  14 
jxmnds  pressure  on  every  square  inch  of  the  piston  to  be  overcome 
by  the  motor.  This  idea  is  WTong,  however.  The  work  on  the 
pump  is  nearly  proportional  to  the  amount  of  air  handled  regard- 
less of  the  size  of  the  pump.  If  the  amount  of  air  is  le^s  than  the 
pump  is  capable  of  delivering^  tlie  pressure  on  the  atmospheric 
side  of  the  pistt^n  itself  is  balanced^  or  nearly  so,  for  a  good  portion 
of  the  cycle.  Tljis  can  he  demonstrated  mathematically,  and  has 
been  demonstrated  by  actual  measm^ements  on  thei^e  air-pumps- 
The  maximum  load  on  the  pump  occurs  when  the  vacuum  is  about 
18i",  var>nng  with  the  clearance.     If  the  vacuum  is  le*^  than  that, 


*  Eicpt^.  Surface  Condensation.     J.  H.  Smith,  Engbeering^  Marcli  23,  190^ 
t  Engineering  Mttg,,  April,  1906. 


because  of  the  df^crfau^  ijiffereuee  in 

e  Vftcimm  is  greater,  the  loacl  falk  off  from  the  decrease  in  tiii 

ma^  of  air  hBDiilecl.    Tlie  curve  on  page271  (Fig,  142)  tsa  recordd 


Fio    141. 


a  trial  made  on  a  pump  to  demonstrate  this,  and  the  atmly  tic  dem- 
onstration is  also  given.  Tlic  record  of  the  trial  of  the  pump  does 
not  present  a  perfect  and  tmift>rm  rurve,  because  the  pimi]>\'alvts 
are  mechanically  operated,  and  for  the  low  vacuum  they  can  be  ad- 
jmtetl  only  by  the  sound  which  the  mechanism  gives  out;  but  the 
curve  in  general  is  correct  and  demonstrates  the  point.  The  read- 
ings were  t^ken  down  to  ISJ"  of  vacuum.  Below  that  point  only 
one  reading  was  to  be  had,  i.e.,  that  at  0  inches. 
Analytical  Proof.     (Fig.  141.) 

il  =  areaof  card==piri  +  /    pdv  —  (piVe+p2V2^p2Vc) 

^PiVi  +piri  log.  Vi-piVi  log.  vi ' 

dA    ^  .       -  piVi         .  pi% 

^=0  =  pi  +pi  log.  ra-    - -pi  log.  vi -pi  +^-. 

The  area  =  a  maximum  when  log,  vi  =  log,  ^2  - 1  +~. 

Let     pi  =  14.7,    t;2  =  1,     Ve  =  .03,     log.  i'i=0~l +.03^ 
(Add  2.3025  and  we  obtain  2.3025-  .97  =  1.3325,  or  tl 
of  ten  times  the  required  number,    .*.  Vi  =  '^""  ' 
area  is  a  maximum  when  Vi  =  .379.    The  ( 


.p,,,-p,^  +  £^. 
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p2  frompiri  =pjPa  is  5.6  pounds,  or  a  vacuum  of  14.7—5.6=9.1  X2 
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Fto.  143. 
*    Air-pump, — The  condensed  steam  flowa  continu- 
from  the  condenser  into  the  base  of  the  pump 
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Aod  is  tbcre  de^t  with  meritankmHy  by  tbe  eonieal  bucket  worleiiic . 
Ill  axtmectioii  witli  a  bue  of  amilar  shape.    Upon  the  desceDt  UJ 
the  bucket  the  water  is  projected  akntly  eekI  without  shock ; 
a  hi^  vdodtj  thnxf^  the  port^  into  the  working  barrel. 

"However  dowly  an  air-pump  with  foot-  aDil  bucket^valm  1 
may  be  ruBniog,  the  preasurp  in  the  comletiser  hajs  to  be  sufliiiFDtljr 
above  Ihal  io  tlie  pump  to  Uf  t  the  fciol"V-alv*cs,  overrorDe  the  inertii 


Fia.  144. 


of  the  water,  and  drive  the  water  ui>  through  the  valves  into  the 
barrel.  The  Idgher  the  speed  of  the  old  type  of  pump  tlie  greater 
is  the  pressure  reqiiirt^tl  to  (jvercome  these  resisUnecs  owing  to  tlie 
very  short  space  of  time  available,  and  as  any  iiicreiiBe  of  preasuft 
in  the  condenser  is  accompanied  by  a  corre^^ponding  iner^ise  of 
back  pressure  in  the  L.P,  cylinder,  it  will  be  seen  tliat  in  an  air- 
pump  fitted  with  foot- and  bucket-valves,  increase  of  speed  mmii^ 
loss  of  efficiency. 

*' Under  ortlinary  working  conditions,  when  the  bucket  de^ccmii 
and  the  ports  are  open,  there  is  absolutely  no  obstruction  betwrt*j] 
the  condenser  and  tin*  pujup;  the  air  has  a  uerfet^tly  free  entraps 
into  the  barrel  (Fig»  142), wHIe  imn^' 
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Is  injectol  into  the  barrel  at  a  high  velocity.  Thus,  instead  of 
obatriK^ting  the  entrance  of  the  air,  the  water  tenrls  to  conitjress 
that  alreaily  in  the  barrel  and  to  entrain  or  carry  in  more  air 
vnih  it, 

**  In  the  okl  type  of  pomp  the  clearance  between  the  bucket  and 
head  valve-seiit  18  necessarily  large,  due  to  the  space  occupier!  by 
the  bucket- valves,  the  ribs  on  the  under  side  of  the  valve-seating, 
eU\  Refore  an  air-pump  can  discharge,  all  the  air  in  tlie  wtjrking 
barrel  above  the  bucket  must  be  compressed  to  a  pressure  slightly 
IB  excesB  of  the  atmosphere*  Immeiiiately  the  bucket  descends, 
the  air-bubbles  remaining  in  the  clearance  water  expand  and 
occupy  a  space  in  the  pump  which  should  be  available  for  a  fresh 
supply  of  air  from  the  condenser.  In  this  type  of  pump  the  top 
clearance  is  redueerl  to  a  minimum." 

To  obtain  liigh  vacua  we  should  utilize  one  or  more  of  the  follow* 
ing: 

1.  Cold  injection-water. 

2.  Have  low  thscharge- water  temperature. 

3.  Control  the  amount  of  injection- water, 

4.  Increase  the  speed  of  the  air-pump. 

5.  Reduce  the  back  pressure  on  the  air-pimip. 

6.  Prevent  the  separation  of  air  and  discharge-water  and 
sweep  both  out  t^jgether  by  gravity. 

7.  Use  an  air-pump  that  does  not  require  suction- valves. 

8.  Have  the  minimum  possible  clearance  in  the  air-pump  and 
fill  that  clearance  witli  cool  water, 

9.  Cool  the  gases  to  the  temperature  of  the  injection-water. 
^^         10.  Use  a  dry -air  pump. 

^^         11.  Use  a  surface-condenser,  pump  all  air  out  of  the  systextti 
I  and  absolutely  prevent  air-leakage. 

r  Air-pump  for  Surface-condensers^^At  first  sight  it  would  seem 

tliat  air-puoips  used  with  iiiarine  engines  could  be  of  very  mod* 
erate  a^e,  as  the  same  feed-water  is  used  contiimously,  and  after 
it  Ims  circulated  a  few  times  it  ought  to  be  freed  from  all  of  its 
contained  air.  And  yet  on  large  transatlantic  steamers  we  find 
an  air-pump  capacity  of  ,23  cubic  foot  per  pound  of  steam  con- 
deuBcd^  the  vacuum  ranging  from  26  to  27  inches.    When  dealing 


I 
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with  hi^  vacua,  as  required  in 
pump  capacity  is  required. 


Fw.  14& 

Profeasor  Weighton,  in  ezperimenta  iBpatintBd  m  Wig,  US, 

found — 

1.  That  when  the  system  is  Curly  air-t^^t  .7  co.  ft.  per 

pound  of  steam  condensed  is  as  good  as  i 

2.  When  air-leakage  exceeds  a  certain  I 
capacities  are  required.  This  ranged  from  .7  co.  fL  per 
pounil  of  steam,  condensed  when  the  engme  was  nmniBg  imder 
full  power  and  air-leakage  was  consequently  fli^kt^  iq>  te  6l5 
cu.  ft.  at  one-quarter  power  when  the  iccriigi  tau— mu  were 
Ivlow  atnKvspheric  pressure. 

:^.  That  there  is  no  apparent  advantage  in  working  pumps 
'K\  tlio  o\.':::pi>i;ri'l  p^rinoiplf. 

r>: '"e':.< ■>':>.— W:>:*n  iiir-pTin.ps  are  -iireotly  conneeted  to  the 
ericit^'  >*•  th;»r  :::-\v  ::i:ii-  z\y^  ^anie  niiniber  of  strokes,  the  foUow- 
iriiT  ■.:i:::t^n<i":L<  L:ivo  btvr:  'iseii: 

y.^»-  j-^:-.'i:r.  *>rj>ir^  on^ri-'^  hii^"i:i:=:  vertical.  ;aDg{€sactiii^  air- 
:  .::::'.>  :'.^  :ir-:i  :*  :h'  :t:r-r'::i.p  pi-^t.-n  r  bucket  ruultipfieii  by 
:->  <:r''k--  :v-ay  ':-^-  ::•  n:  1  ■'  :«■  1  I'''  th-^  o:ipaL'i:y  -^f  tiie  LP.  cyfinder: 
;:  :h-^  v-::::r  '^•^r'-^  '.  rir-  n\il  .i::':  :•  uMr'-^t::;::^  its  capocttj  may 
r»-'  :r.":v.  1  '**  :■    1   I^  ■:  * ".-  L  P.  -'yiinier. 

V ' -  > :r: :ii •  •■"  ' •  * r.  i ■  r.<i t.:z  -■  :^' -•-■  s  :he  fi rjr* e-sw tiny  air-pamp 
.•Lipii*-::y  :v.:iy  :•-  1  1'"'  :■  1  l'^  i  "ii^:  ■:(  :^'  L.P.  v.-yIiHjier.  and 
:i:^  -arrii'i-y  f  :h-  :•  i.:;^i.-dz;r  r*::::;  -vvil  i  be  1  15  to  1.  25  of 
±^  V  i:n:r    {  'ha:  v*--'"-  '''^^■ 

'1*7-  ".■rr»^ii"-''<iiv  •:^'::".  wuxLz  •^ni.z.e^  ::..:i.v  "j  SS?  revoIuTions 
per  "ur.::r»*  -hr*  r:i:i--  f  .ir^'^y  '■.■de::c-:  J-.r-ri^i:p  vr^iume  swepi 
rfir*»ig!-.  per  r-^v.i  ;ti.:r.  ■.-'  rroci  1  o6  i^y  1  S."^  :c  ^n^it  ^wepc  tiiroqgh 
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AIR  PUMP  ORDINARY. 


A.-Line 


Oooiiy 


M.E.F.ii«   sprtB,.  jj^:^iss:JS 


0.-Line-14.8S4 


Af-lAne 


M.B.P.  8.488       Spring,  }  ^^^.^^  ^  inch.8.788 


Fig.  146. 


y.-Une -12.540 


O.-Line- 14.894 


AIR  PUMP  OCCASIONAL. 


A.-Line 


V.-Line -12.549 


O.-Llne- 14.321 


A.-Line 


Oooley 


O.-Llne- 14.824 


Fia.  147. 
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per  revolution  by  the  low-pressure  pistons.  On  the  battle-ships  the 
corresponding  ratio  of  independent  air-pump  piston  displacement 
per  revolution  to  the  displacement  of  the  low-pressure  pistons  per 
revolution  was  1/25,  but  the  pumps  only  made  1/4  to  1/5  the 
number  of  revolutions  made  by  the  main  engines. 


Bauer  gives 


I.H.P. 


L.P.Cylinder 
Air-pump 


Directly 
Connected. 


Independent. 


Small  cargo -boat 

Medium  cargo-boat.  . . . 

Larffe  cargo-boat 

Mail-steamer 

Deutschland 

Kaiser  Wilhelm  II 

Russian  cruiser  BogcUyr. 

Navy  gunboat 

Small  cruiser 

Large  cruiser 

Battleship 


700  , 

2.000 

4,200 

9,000 

33,000 

40,000 

20.000 

1,300 

10,000 

19,000 

16,000 


21.1 
15.5 
18.5 


19.6 
41.2 


17 

17.6 
19.5 
17 


8.2 
11.4 


Definitions  of  Air-pumps. — If  we  refer  to  Fig.  16  we  see  that 
this  pump  draws  from  the  condenser  the  condensed  steam  and 
a  mixture  of  air  and  vapor.  The  injection  water,  however,  is 
forced  by  the  circulating  pump  through  the  tubes  and  out  of 
the  condenser  without  coming  into  contact  with  the  condensed 
steam.  If  we  examine  Fig.  17  we  see  that  that  air-pump  has 
to  handle  a  mixture  of  injection  water  and  condensed  steam  as 
well  a.<  the  mixed  air  and  vapor.  Air-pumps  which  must  handle 
both  water  and  a  mixture  of  air  and  vapor  are  called  tvei  vacuum- 
pionpi^.  On  the  other  hand,  a  vacuum-pump  attached  to  the 
barometric  type  of  condenser.  Figs.  125  and  126,  would  draw 
off  only  the  mixture  of  air  and  vapor  as  the  mixture  of  condensed 
steam  and  injection  water  flows  off  by  gravity  at  the  bottom 
of  the  discharge  pipe.  An  air-pump  working  in  this  manner  is 
called  a  dry-air  pump.  The  ejector  type  of  condenser  needs  no 
air-pump. 

Action  of  an  Air-pump. — Comparing  the  air-pumps  in  Figs. 
If)  and  144  we  notice  that  one  is  horizontal,  with  large  clearance 
spaces  and  with  inlet  valves,  S,  which  must  be  lifted.  The  other 
pump  is  vertical,  with  no  clearance  suaces  and  with  no  inlet 
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valves.  On  the  suction  stroke  the  difference  between  the  ateo- 
lute  pressure  in  the  j>unip  cylinder  and  that  in  the  condenBer  is 
the  force  which  moves  the  water  and  mixture  of  air  and  vapor. 
That  this  difference  may  be  as  small  as  possible  so  that  the  con- 
denser pressure  will  be  a  minimum  it  is  evident  that  an3rthing 
causing  resistance  to  movement,  such  as  valves,  narrow  passages  or 
sharp  bends,  should  be  removed.  That  the  pressure  in  the  pump 
should  be  as  low  as  possible  there  should  be  no  pockets  in  which  air 
is  compressed  on  one  stroke  only  to  re-expand  on  the  following  one* 
To  understand  the  action  of  the  air-pump  the  student  should 
have  a  clear  idea  of  the  sequence  of  events -as  they  occur  in  the 
pump  during  a  revolution.  At  the  beginning  of  the  compression 
stroke  of  the  air-pump  piston  (see  Fig^*  16,  144,  and  146)^  the 
air-pump  chamber  contains  more  or  less  water  and  some  air  and 
water  vapor  at  the  same  temperature  as  the  water  and  at  a  certain 
pressure  absolute. 

Returning  to  Figs<  16,  144,  and  146j  we  note  that  in  the 
early  part  of  the  compression  stroke  that  the  curve  of  pressure 
rises  ver>^  slowly.  This  is  due  to  the  fact  that  the  water  vapor 
Oinnot  be  compressed  as  the  vapor  is  converted  into  water.  Hence 
the  air  alone  is  compresseii.  After  all  the  water  vapor  is  con- 
dense<l,  the  curve  of  air  pressures  rises  verj^  rapidly  to  something 
over  the  preasure  due  to  the  atmospheric  and  valve  resistances. 
On  the  return  stroke,  the  pressure  drops  very  rapidly  if  only 
wmter  is  present,  but,  if  any  air  is  present  (at  full  atmospheric 
pressure)  the  curve  drops  rather  slowly,     (Fig.  147.) 

Beslpiing  Air-pumps, — The  design  of  an  air-pmnp  consists  in 
finding  the  volume  which  the  air-pump  piston  must  sweep  through 
per  minute  to  remove  aU  the  air  and  water  intended  from  the 
condenser.    This  amount  will  vary  greatly.     For  example; 

1,  If  the  condenser  is  thirty  or  more  feet  from  the  ground, 
it  may  be  made  sclf-tlraining.  A  surface  condenser  of  that 
sort  would  use  a  dry  air-pump  whose  volume  would  depend 
principally  on  the  amount  of  air  leakage  and  the  degree  of 
vacuum  required* 

2-  A  barometric  condenser  has  a  drj'"-air  pump  but  it  must 
femovc  not  only  the  air  from  the  condensed  steam  but  also 
the  air  from  the  injection  water  and  the  air  leakage. 
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3.  The  wet  vacuum-pump  atuurhed  to  a  smface  condenser 
reniove^  the  condensed  steam  and  the  air  that  leaks  in. 

-1.  The  wet  vacuum-pump  attached  to  the  onlinary  jet 
condenser  has  to  remove  the  discharge  water,  the  ccHideiised 
steam  and  the  air  which  the  feed-  and  injection-vater  con- 
tainer]. 


DcAgn  of  Air-pump  for  Surface  Condcnaer. — Assume  the 
(oDowing  data:  Compound  engine.  300  LHJ^.;  15  pounds  of 
water  per  LH.P.;  injection,  70°  F.:  discharge,  90**  F.;  feed, 
110^  F.:  vacuum.  26  inches:  barometer,  29.90  inches. 

The  unit  of  volume  generally  used  is  the  volume  of  one  pound 
of  feed-water.  Let  us  asi^me  that  feed  and  injection  water 
contain  1  '20  or  .05^  of  their  volume  of  entrained  ur  at  atmos- 
pheric temperature  and  pressure.  As  soon  as  the  water  con- 
taining this  air  gets  into  the  condenser  the  air  increases  in  volimie 
in  proportion  to  the  decrease  in  pressure  and  to  the  increase  of 

PV 

absolute  temperature  according  to  the  law,  -jr=C. 

A.S  the  vacuum  gage  is  affected  by  the  atmoq)heric  pressure 
we  s^-e  that  the  absolute  pressure  in  the  condenser  is  29.90—26 
=3.90  inches.  As  the  temperature  of  the  water  vapor  is  110°  F. 
we  sff;  from  the  tables  that  the  pressure  due  to  it  is  2.58  inches 
or  1.29  pounds  absolute.  Then,  from  Dalton^s  law,  we  know 
that  the  difference,  or  3.90-2.58  =  1.32  inches,  is  the  pressure  due 
to  thrj  air. 

jfoTE.— If  over  a  little  water  at  110*'  F,  we  had  a  cubic  foot  of 
space  filled  ^ith  water  vapor  alone  at  2.58  inches  pressure  abso- 
lute, we  could  take  a  cubic  ioot  of  air  at  1.32  inches  pressure  and 
110'^  F.  and  force  it  into  the  cubic  foot  of  vapor.  At  the  end  of 
the  of)eration  there  would  he  only  one  cubic  foot  of  the  mixture 
of  vapor  and  air  but  the  pressure  would  be  the  sum  of  the  former 
prcs-sures.  The  volume  occupied  by  a  certain  wei^t  of  air  in 
the  condenser  is  determined  by  the  absolute  temperature  of  the 
air  and  the  air  pressure  and  not  by  the  condenser  pressure.  If 
the  vapor  in  a  coiMh^nscr  were  at  126®  F.,  it  woidd  be  impossible 
to  obtain  a  vacuum  over  26  inches,  or  if  the  temperature  of  the 
va|)or  were  141°  F.  it  would  be  impossible  to  secure  a  greater 
vacuum  than  24  inches,  no  matter  what  the  volumetric  displace- 
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aent  of  the  air  pump  might  be*     Hence  to  obtain  a  high  vacuum 
is  necessary  to  have  the  air  and  vapor  as  cool  as  possible. 

If  Vi  =  the  volume  of  the  feed-water  in  cubic  feet  per  minute, 
then  ,05 Fi  is  the  volume  of  its  entrained  air  at  29,90  inches  of 
pressun?  and  460+70^530°  F.  A.     From  the  equation^ 

PtVi     P2V2 

wc   can  find   its   volume   at    L32    inches   oC   pressure   and   at 
)°  + 110°  =  570°  F,  A.     Hence, 


29,90  X.057i       1,321^2 

460  +  70     "460+110 


or    y2  =  1.2Fi, 


The  theoretical  volume  of  the  air-pump  would  thus  be 
Fi  +  L2Fi  =  2.27i.  As  the  volume  of  the  feeil-water  is  generally 
taken  as  the  unit^  we  may  say  then  that  the  volumetric  displace- 
ment of  the  air-pump  in  cubic  feet  per  minute  is,  m  this  case, 
2/2  times  the  volume  of  the  feed-water  in  cubic  feet*  The  above 
makes  no  aUowance  for  air  leakage  or  pump  efficiency-  On  the 
other  hand,  the  factor  2.2  is  too  large  if  the  condensed  steam  is  sent 
to  the  boiler  continuously  since  such  feed-water  wiU  not  contain 
•05%  entrained  air.  Neither  is  it  true  if  new  feed-water  is  -useil 
continuously  if  this  feetl-water  is  sent  through  an  open  heater 
and  brought  to  the  boiling-point  approximately.    The  entrained 

air  would  be  then  only  janoT^iTp^e?^'^'  ^  much  as  it  was 
in  water  at  70°  F. 

Manufacturers  of  condensing  apparatus  arc  in  the  habit  of 
calling  for  piping  free  from  air  leaks  and  then  supplying  air- 
pumps  that  are  entirely  too  large  if  there  are  no  air  leaks.  In 
the  present  case  a  reliable  index  of  the  amount  of  leakage  ex- 
pec  tetl  is  obtained  from  the  size  of  air-pumps  supplied.  Manu- 
faetureis  of  vertical  twin  air-pumps  will  guarantee  26  inches  of 
vacuum  with  injection  at  70°  F.  with  an  air-pump  displacement 
of  13  times  the  volume  of  the  feed-water.  This  allows  practically 
en  or  eleven  volumes,  at  condenser  pressure  and  temperature, 
for  air  leakage  and  pump  inefficiency*    Horizontal  pumps  are 
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fimiiflhed  with  a  cUsplaceiTient  of  20  times  the   volume  of  tha 
feed-water,  thus  allomng  18  volumes  for  leakage  and  inefficte 
A  800  horse-power  engine  would  use 

300X15     ,.,.,., 

6^5x60^       ^""  water  per  minute. 

ThB  theoretical  dinplacement  of  the  required  air-pump  wouU 
be  2.2  limf^  aiid  the  practical  displacement  would  be?  13  or  20  iimt« 
1.2  CIL  ft*  lier  minute,  acconling  as  the  air-pump  b  vertical  fe 
horiiontal. 

Bauer  Htate^  that  the  princit       limensions   of  singk^ftcting 
ur-pumpe  are  determined  from  tl        uation 

Here /=  sectional  area  of  air-pump  in  square  inches; 

«  ^Htnjke  of  pump  piston  in  inches; 
LH.P.  =  indicated  hoi'se-power  of  the  main  cngiiie; 

C— constant,  equal  to  volume  delivered  by  the  air-pum^ 
l>er  I.H.R  ^^er  minute. 

t?  -  nTTtnfwT  tif  eflfective  stroke  of  air-pump  piston. 

The  coefficient  C=86  to  111  in  surface  oondeiiseis  of  tiqik 
or  quadruple  engines,  with  separately-driven  e^gsaa^ 

C=185  to  245  in  siuface  condensers  of  tri|de*  or  quadnqple- 
expansion  engines,  the  air-pumps  being  driven  by  the  main  engjoie. 

C=300  to  365  in  surface  condensers  of  cmnpoond  «npiwi^  the 
air-pump  being  driven  by  the  main  engine. 

If  jet  condensation  is  used  as  well  as  surface  eoDdeoaii^  or 
if  the  former  alone  is  used,  C=610  to  730.    If  instead  of  ooe 
air-pump,  two  pumps  are  fixed  to  and  driven  by  tibe  oaain  ^*ip»Miy 
the  volume  swept  through  per  stroke  in  each  may  be  about  J  4 
of  that  above.     The  piston  speed  varies  from  200  to  3S0  bet    \ 
per  minute  in  cargo  boats  and  from  300  to  500  feet  per  miBlto   j 
in  warships.  _^^.^^  ,   J 

The  student  may  discuss  the  foUo--^^^*^"**™*"^^  CBr — "^ 
Electric   Power  Station  {Power,  15 
pounds  per  hour;   x-acuum,  25 
inches  in  the  engine;   injecti*' 
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dc?nsers,  7000  square  feet;  cooling  surface  (2690  tubes) ^  1  inch 
diameter;  Edwards'  three-throw  electrically-driven  air-pumps j 
diameter  of  cylinder^  16  mehes;  stroke,  12  inches;  revolutions, 
150. 

Wet  Vacuum-pump  for  Jet  Condenser*— Assume  the  following 
data:  Compound  engine,  SOOLH.P;  water  rate,  15  pounds  per 
I.H,R;  injection,  70'^  F.;  discharge,  110°  F,;  vacuum,  26  inches; 
barometer,  29.90  inches. 

As  the  amount  of  heat  per  pound  of  steam  to  be  absorbed  in 
the  condenser  is  practically  constant  and  is  about  1050  BT-U-, 
we  can  ajssunie  that  the  amount  of  injection  water  retjuired  is 
1050-§- (110  —  70)  =^2t)  pounds.  The  total  water  is  then  27  pounds 
and  the  volume  of  air  is 


29.9  X  .05  Vi     (29,90  -  26  -  2.58)  F3 


460^70 


460  +  110 


Hence  V2  is  equal  to  1.27i.  As  Vi  is  27  times  the  volume  of 
the  feed-water  then  the  volume  of  the  entrained  air  is  27X1*2 
or  32.4  times  the  volume  of  the  feed-water.  The  amount  to  be 
allowed  for  air  leakage  is  largely  gueas  work.  If  we  allow  10 
tinier  the  volume  of  the  feed-water  we  shall  have  the  following 
allowances: 


Volumes: 


,  .Feed -water 
.Injection  water 
,Air  in  feed  and  injection  water 
.Air  leakage  at  condenser  pressure  and  temp- 


69.4 


Hence  the  displacement  of  the  air-pump  in  cubic  feet  per 
minute  will  be  70  times  the  volume  of  the  feed-water.  The 
required  displacement  is  therefore 


300X15X70 


=  84  cubic  feet. 


ti2.5x60 
Lw-pump  may  now  be  chosen  from  a  catalogue-  ^ 
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Cooling  Air  in  Condensers. — ^To  cool  the  air  in  its  passage  to 
the  air-pump  a  large  cotDling  surface  is  necessary,  as  the  heat 
tran.-nii«ion  coefficient  is  very  low.  Efficienc}*  depends  upon 
the  air  wlivity.  the  water  velocity  in  the  pipes  being  of  littk 
iniix)rtance.  In  Jos?e's  experiments  (Power,  Feb.,  1909)  it 
variiii  fn-^m  0.172  to  0.ft55  B.T.U.  per  square  foot  per  hour  per 
drCTtt*  Fahrenheit  tiifference  of  temperature. 

Dry  Air-pumps  for  Counter-cnrrent  Barometric  Condensers.— 
If  Fig.  125  15  carefully  examined  it  will  be  seen  that  the  air  b 
drawn  off  at  the  top  of  the  condenser.  To  reach  the  eduction 
l^ijv  the  air  hai?  to  pass  in  intimate  contact  with  "  cold  fingers " 
containing  injection  water  at  initial  temperature.  The  tendency 
of  these  cold  fingers  i<  to  «lfprive  the  air  of  its  last  remnant  of 
vajH^r  an«l  to  coi»l  the  air  down  to  (theoretically)  the  injection 
temixratun*.  If  the  \'A\yoT  is  condensed,  there  is  a  marked  ten- 
drnoy  ft^r  the  va|x^r  ]»ressiu\:*  to  decrease  and  the  air  pressure 
to  increase  as  the  total  pressure  must  be  very  nearly  uniform 
throuch  the  condenser.  It  is  e\-ident  that  the  lowest  total 
pressure  must  be  at  the  mouth  of  the  air-eduction  pij)e,  as 
the  gases  an*  flowing  in  that  direction  and  all  flow  is  from 
the  gTi-aTtT  to  tlie  Uss  iressur.-.  But  in  gases  so  light  as  these, 
:i  vrry  l-iiih  v-;!.»oi:y  is  sioiin- 1  ly  a  ver>-  slight  difference  in 
i'r-».;r-.  A:  (or..i^:>-r  ;.  ross'.;res  air  is  lighter  than  steam,  but 
r-rfi'-:!' :»::y  :•:•:  vi:.M'i:it-  i:-  :]>:■  c-.'n.ienstT  are  so  great  that  it 
is  .  ;i>y  :  •  >. .  :];:t:  i  i'  :a:  r-^  ii::.!.s  ean:;.'!  Ix*  carried  out.  Hence 
ih  !]:•  iv>ii:i.  "f  :i::  :iir-v;iT:;r'  fc  :'!::>  -:yle  <»f  condenser  the  volume 
of  Tlir'  IT.!:.]'  'ii>]'i:i.  ir.-r:;T  is  ::.a:vria!Iy  reduce^l,  as  it  does  not 
caro  f'T  the*  h-*"\  ri:i  1  ^ii-h.arp*  wm^t  arul  receives  the  air  not 
only  at  niuch  high'T  j-rt'^-un-  l-.n  also  ooLivr. 

Disign  a  drA-air  ]ui:ip  f.  r  a  o^K*  LHP.  compound  engine, 
u>ing  13  pouii-is  of  waier  ]M.r  I.H.P.  Tlie  injection  is  at  70°  F.; 
ill*.-  dis'harge  at  110"  F.:  vacuum  is  2S.o  inches;  barometer, 
29/w).     C* )unt t  r-current  condenser. 

\\r  .-hall  assinne  that  the  air  is  drawn  off  at  So°  F.  (the  cor- 
resjv.ndiiiC  |'>r»'ssi3re  is  1.2  inches  of  iy!vT-:;;ry  and  that  the  air 
I'-akage  at  condenser  pressure  is  lo  Tin:ies  :hv  vv^lume  of  the  feeil- 
water. 

The  pressure  corresponding  to  110^  "^   "    "58  inches  of  mer- 
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cujy  and,  if  the  skmm  vaf)or  were  not  brought  below  that  tem- 
perature, no  vacuum  pump  however  large  would  pve  the 
required  vacuum.  The  difference^  29.90—28.5  =  1.4  inches,  h  the 
maximum  possible  pressure  of  the  air  and  could  only  occur  if 
aU  the  vapor  is  condensed.  The  air  may  be  lower  tlian  85°  F., 
the  minimum  70*^  F.  being  possible.  Assume  then  L2  inches  as 
the  absolute  pressure  of  the  air. 

iVssuming  each  pound  of  steam  going  into  the  condenser  loses 
1050  B*T*U  the  amount  of  injection  per  pound  of  steam  will  be 


1050 


110-70 


^26  [X)unds* 


For  each  aibicfoot  of  feed-water  there  wiO  be  26  +  1  =  27  cubic 
feet  of  discharge  water.  The  volume,  ¥2,  of  the  air  in  this  injec- 
tion an<l  feed-water  (assuming  both  to  have  Ix^en  originally  at 
70°  F*  and  29.1K)  inches  pressure)  after  reaching  the  condenser 
and  passing  the  cold  fingers  of  the  injection-pipe  will  be,  since 

29.90  X, 05  7i       1.272 


460  +  70         460+85' 

l,37i,  where  Fi  represents  the  volume  of  the  discharge  in  any 
unit  of  time- 

The  number  of  cubic  feet  of  feed-water  per  minute  will  be 


300X13 


-1,L 


60X62.5 
The  volume  of  the  discharge,  per  minute,  will  be 

27X1.1 -29.7  cubic  feet 
The  volume  of  air  to  be  discharged  per  minute  wiU  be 
29JX  1.3=38.6  cubic  feet 

If  the  air  leakage  is  15  cubic  feet  per  minute  the  total  dis- 
placement of  the  dry-air  pump,  per  minute,  will  be 

38.6  +  15  =  53,6  cubic  feet 
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Ex.101.  DwigQawirfaeecondBPiMrfcrftlOOliQwopowerli 
speed  engiiie  using  18  pounds  oC  steun  par  LH.P,  AaBume  ol 
conditions.    Vscuum  27^\ 

Ex.  102.  Design  a  contmflo  eondenssr  for  m  200Q-horBC  pc 
engine  using  13.5  pounds  of  steun  per  Immso  ponu.  Vacuum 
pected-2S^ 

Ex.  103a.  Design  a  wet  TMuum-piuiqi  for  the  jet  condeng 
26.5  inches  of  vacuum  required. 

Ex^lOSfr.  DesignadiyTacuum-puiiqiforthesariaeei 
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Steam-pumps  (Fig.  4). — The  wastefulness  of  the  ordinary 
steam-pump  i?^  not  recognizetl  by  the  ordinary  steam  user.  It 
uses  steam  at  full  boiler-pressure;  the  clearance  is  inordinate  when 
the  piston  makes  a  ftill  stroke  anci  there  is  no  adjective  strong 
enough  to  express  its  wastefulness  in  case  it  doe^  not  make  its  full 
stroke.  The  initial  conrlensation  depends  upon  range  of  tempera- 
ture  which,  in  the  case  of  a  steam-pump,  is  from  the  boiler  tem- 
perature to  212°  F.  Aa  a  result,  the  initial  condensation  is  very 
great.  In  case  the  pump  is  used  only  (Occasionally  and  the  steam- 
pipe  fills  with  water  from  radiation  losses,  the  percentage  lass  for 
the  actual  work  ttone  is  very  great,  Tlie  ordinary  steam-pump  wilt 
use  betweeji  SO  and  300  pounds  of  water  per  LH,P.  A  simple 
pump  will  require  one  |x>und  weight  of  steam  to  pump  40  pounds 
of  water  during  the  time  actually  employed  in  pumping. 

This  waste  may  be  reduced  by  compountling,  and  a  still  greater 
saving  will  be  made  by  the  use  of  a  compound  condensing  pump. 
For  instance,  a  duplex  6'^X4"X6"  may  be  replaced  by  a  single 
compound  vnth  high*  and  low-pressure  steam-cylinders  of  6  inches 
and  10  inches  diameter,  water  cylinder  5  inches  in  diameter  and 
10-inch  stroke. 

The  greatest  saving  can  be  made  by  using  the  exhaust-steam 
in  a  feed-water  reheater.  Great  care  should  be  used  not  to  increase 
the  back  pressure  unduly. 

Wasteful  as  they  are,  however,  they  are  far  more  economical 
than  ejectors  when  the  heat  in  the  water  ejected  is  thrown  away, 
as  in  the  case  of  (bilge)  syphons. 

To  economize,  auxiliaries  have  been  beltnlriven  from  a  shaft 
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which  was  driven  from  the  maiD  engine.    Tliis  arrangement  has  a 
number  of  difficulties  to  overcome: 

1.  The  need  of  regulating  each  pump  to  an  exact  speed 
depending  upon  requirements.  In  an  emergency  an  excerive 
speed  of  one  piunp  may  be  needed  for  a  few  moments,  or  for 
long  intervals  no  speed  at  all  may  be  needed. 

FEED  PUMP  80  REVS.  BYE-PA88  CLOMLO. 


H.E.P.  1S4.15 


BpdDg,  1  Iii6h-8C.906  Urn, 


A.-UD0 


0.-Ll2ie 


i 


A.-L111C 


M.E.P.  141.™ 


■—^lAiw^ 


Spring,  1  inoh-84.006  lbs. 


C*^>Uy 


O.-Line 


Fig.  148. 


2.  Tlie  friction  of  heavy  shafting  is  a  large  part  of  the  power 
required,  hence  the  arrangement  is  wasteful  if  only  a  few  aux- 
iliaries are  running. 

If  the  steam  from  the  main  engine  is  sent  to  a  condenser,  this 
arrangement  is  less  economical  in  heat  and  less  convenient  than 
separate  auxiliaries  if  the  latter  send  their  exhaust-steam  to  feed- 
water  heaters. 

There  is  a  practical  Umit  to  the  amount  of  exhaust-steam  that 
can  be  used  in  this  way.  Moreover,  the  use  of  any  heater  is  not 
economical  unless  it  is  using  heat  that  would  otherwise  be  neces- 
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ly  wasted*     As  in  many  other  things,  heating  economies  are 
ibk  in  a  large  plant  that  are  not  practically  jxissible  in  a  small 
Similarly  plants  that  are  run  for  short  intervals  only  carmot 
apparatus  on  which   the  interest  ami  depreciation  charges 
would  counterbalance  the  economy  gained  by  their  use  for  a  sliort 
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M.E.F,  lasuB 


Sprli^,  1  In^h- 83.10  Ibd, 


A.-LlnD 


O.-LUte 


M.£.Pp  144.76 


S,  1  Ifieh-Sllfi  tU. 


A.- Lin* 


u. 


Obofey 


O.-Llnc 


Fm,  149. 


period  of  time.    Hence  with  a  uniform  load  and  good  feed- water  an 
J     economizer  may  pay  for  itself, 

I  The  amount  of  feed- water  required   per   horse-power  varies 

!     from — 

I  40  to  25  pounds  for  simple  engines^ 

^K  25  to  1.5  pounds  for  compounds, 

^B  20  to  11  pounds  for  triples. 

^^  Each  pump  should  be  designed  to  supply  1.5  to  2  times  the 
theoretical  quantity  of  water  required.  This  allows  for  slip  or 
imperfect  filling  of  the  pump  with  water. 
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The  velocity  of  the  water  in  the  suction-pipe  should  not  exceed^ 
normally,  450  feet  per  minute,  that  in  the  discharge-pipe  being 
600  feet  per  minute.  The  net  area  of  the  valve  passageway 
should  be  calculated  at  400  feet  per  minute.  The  diameter  of  the 
steam-cylinder  is  1.4  to  1.6  times  that  of  the  water-cylinder,  thus 
affording  a  pressure  of  2  to  2.5  times  that  of  the  boiler. 

In  duplex  pumps  the  steam-valve  on  one  cylinder  is  driven  by 
the  reciprocating  motion  of  the  other  pump.  In  the  amplex 
pumps  it  is  necessary  to  employ  an  independent  valve. 


r^ 


Reciprocating  Circulating  Pumps  (Fig.  18). — ^The  piston  speed  of 
these  pumps  may  reach  475  feet  a  minute;  their  volume  may  be 
obtained  by  allowing — 

9  to  10.5  cubic  feet  per  hour  per  H.P.  for  compound  engines; 
7  to  9  cubic  feet  per  hour  per  II. P.  for  triple-  or  quadruple- 
expansion  engines. 

This  allows  80%  efficiency  for  the  pump. 

Tlie  number  of  strokes  per  minute  made  by  a  steam-punrp  is 
generally  calculated  on  the  basis  of  100  feet  of  piston  speed  per 
minute.    For  continuous  boiler  feeding  and  running  under  heavy 
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re  the  speed  should  not  exceetl  50  feet  per  niinute.    The  de- 

Ivery  is  also  frequently  given  in  gallons.    If  the  tUameter  of  the 

iter -cylinder  is  squared  and  then  multiphefl  by  4,  the  re>sult  is 

le  tlclivery  of  the  pump  in  gallons  per  niinute  on  the  basis  of 

loo  feet  of  piston  velocity . 

On  most  pumps  it  is  deemed  ad\isable  to  place  an  air-chamber 
^n  the  delivery  side  of  the  pump.    In  most  cases  it  is  even  more 


^\ 


r>i 


]  itH€tiim^ 


I      If 


FlO.  151. 

Cissential  to  put  an  arr-ehamber,  a^  in  Figs.  150.  151,  on  the  f^tiotion 
mde.  Fig*  152  is  adile^J  to  show  how  not  to  apply  the  air-chamber. 
On  long  suction  lines  this  air-chamber  takes  up  the  inevitable 
©urging  of  the  water  in  the  suction-pipe  due  to  the  irregular  taking 
of  water  by  the  pump.  It  stops  the  hammer-blow  noise  heard  in 
lUmps  that  are  '^pumping  dry/'  as  in  pumping  bilges  dry, 

Ex.  104*  A  compound  engine  of  1000  LH.P.;  cylinder  ratio,  1:4; 
19  e^qiansions;  steam  at  165  pounds  absolute  on  the  piston;  revolu- 
tions, 94;  vacuum,  26",  using  14.5  pounds  of  water  per  LH.P*;  itijer* 
tion,  70;  discharge,  110°  F,;  jet  condenser;  feed-water,  70**  F*  in 
river^maina.  Find  the  siase  of  the  feeti-pump  by  calculattcm  or  from 
catalog.  Assume  positions  of  machinery  and  other  data  tliat  may  bft 
tequired.    Use  hand-books  or  otlier  aids. 
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Ex.  105.  Find  the  size  of  air-pump  for  Ex.  101. 

Ex.  106.  Find  the  size  of  reciprocating  circulating  pump. 

Ex.  107.  Find  the  size  of  centrifugal  circulating  pump. 

Ex.  108.  Find  the  size  of  a  feed-water  heater  to  take  care  of  the 
exhaust-steam  from  the  steam-cylinders  of  the  above  pumps  if  the 
discharge-water  be  unfit  to  use. 

Ex.  109.  Design  a  reheating  receiver  to  superheat  exhaust-steam 
50*^.    See  page  297. 


\Suet^ 


I'lG.  152. 


Centrifugal  Circulating  Pumps  (Fig.  153).^The  inner  diameter 
of  the  driving-vanes  should  be  1.1  to  IM,  where  d— the  diameter 
of  the  single  suction-  or  delivery-pipes,  and  the  outside  diameter  is 
2  to  2.6d.  The  width  of  the  vane  at  its  inner  diameter  is  .23 
to  .id.  The  width  of  the  vane  at  its  outside  diameter  may  be 
reduced  in  proportion  to  the  increase  in  velocity  of  the  water. 
Notice  proportions  in  the  cut  showing  double  suction-pipes. 

If  the  water  enters  from  one  side  there  is  an  axial  thrust  which 
is  avoided  by  ha\nng  the  water  enter  on  both  sides. 

The  shape  of  the  vanes  is  such  that  the  water  may  enter  with- 
out shock  (see  steam-turbine  calculations).  The  velocity  at  the 
periphery  must  be  25  to  40  feet  per  second  for  a  friction-head  of  5 
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These  engines  should  develop  this  power  with  a  pressure  equal  to 
.75  boiler-pressure  * 

Steam-injector. — Fig.  154  is  a  diagrammatic  sketch  of  an  in- 
jector. We  owe  this  invention  to  M.  Giflard,  a  French  en^neer. 
The  original  invention  has  been  much  improved  and  many  care- 
fully worked  out  devices  have  been  added  to  make  the  device  reli- 
able and  automatic.  Its  use  is  practically  confined  to  boiler- 
feeding,  as  its  efficiency  as  a  pump  is  very  low.  As  a  boiler-feeder 
its  thermal  efficiency  approaches  100%,  as  all  the  heat  that  it 
takes  from  the  boiler  is  retiu*ned,  but  at  a  lower  temperature. 


Fig.  154. 

The  device  consists  essentially  of  a  steam-nozzle,  A;  a  combin- 
ing tube,  B;  and  a  delivery-tube,  D.  C  is  an  overflow  and  E  is 
the  suction-pipe. 

On  page  216  we  found  that  if  steam  is  made  to  expand  adia- 
batically  in  a  properly  proportioned  nozzle,  the  heat  lost  in 
expansion  was  converted  into  energy  of  motion,  or,  in  other  words, 
the  steam  accjuired  a  high  velocity.    The  amoimt  of  thermal  energy 

converted  into  kinetic  energy  =  -^  =wh  is  more  than  sufficient  to 

do  the  work  required  in  forcing  TFpounds  of  feed-water  =  (12  to  22)u? 

into  the  boiler  against  the  boiler-pressure,  or  wh>(W-i'W)  -^  = 

(W  -\-\r)hb,  where  h  is  a  head  of  water  in  feet  equivalent  to  the 
boiler-pressure  Pb, 


*  See  Bauer,  Marine  Engines. 
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When  steam  is  turned  on  the  injectoFj  the  first  effect  is  to  drive 
all  air  out  of  the  systeiu  through  the  overflow  which  is  open.  The 
partial  vacuum  allows  the  atmosphere  to  force  water  through  the 
suction-pipe,  Ef  into  the  combining  chamber,  B,  The  steam^  issu- 
ing from  ^4  at  high  velocity  (as  soon  as  the  refluction  of  pressure 
occurs  due  to  the  condensation  of  the  steam),  possesses  sufficient 
energy  to  move  a  large  mass  of  water  with  consitlerable  velocity. 
The  cemibined  mass  in  slowing  down  can  overcome  a  higher  static 
pressure  than  its  own,  and  can  tlierefore  enter  the  boiler. 

Weight  of  Feed-water  per  Pound  of  Steam.^Assume  the  steam 
to  be  dry,  and  measuring  all  heat-units  from  32^  F, : 

I  Let  8i  +/^i  =heat  required  to  produce  one  pound  of  steam; 

^^  32  ^heat  contained  in   the  fi*ed  before  eateriiig   the 

^H  injector; 

^H  ?3  " heat  contained  in  the  feed  after  lea%4ng  tVie  injector; 

^H  t£»  —  numlier  of  pounds  of  steam  user!  in  any  give n  time; 

^H  Tl^  =  p4>iinds  of  feed- water  lifted  by  the  injector  in  tlie 

^H  same  time; 

^^  TF  +  ir  ^  pounds  of  water  delivered  by  the  injector; 

I  ^(53  "^^2}  =  heat  gained  by  feed-water; 

w(Li  +gi— ga)  =  heat  lost  by  the  steam; 

V2       1 


2g'^ll%' 


.F*      1 


TTie  last  term  (Tf+uO— X^  is  the  heat-equivalent  to  the  kinetic 

energj"  of  the  <lelivereil  feed- water  entering  the  boiler.    As  it  is 
very  small  it  may  be  neglected,  hence 


^  weight  of  feed- water  lifted  per  pound  of  steam 


93—52 
-used  by  the  injection. 

Efficiency  of  tlie  Injector.— A  large  portion  of  the  kinetic 
energ>^  of  the  steam  is  converted  back  into  heat,  as  the  impact 
must  be  that  of  non-elastic  bodies. 

Let  Ml  ^  the  mass  of  the  steam  ar^'  '" 
M2=  "      "     '*    "  lifU^ 
y^=  "   common  veloci 
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We  know  that  the  sum  of  the  momenta  before  impact  equals  the 
momentum  of  the  combined  mass  after  impact,  or 

(1)  Jlfi7i+M2F2-(J»fi+M2)Fe,  /.  yc-^'MlXuf^' 

Let  El  =  Jilf  1  Fi^  +  \M2V^ = the  sum  of  the  kinetic  energies  be- 
fore impact; 
E2=\{Mi-\-M2iV^'=i}[ie  energy  of  the  total  water  after 
impact.    Then  from  (1) 

'^''"V     M1+M2     /'    ••^'"      2(iifi+M2)     • 

The  initial  velocity  of  the  lifted  feed  is  so  small  that  it  may  be 
neglected.  M2V^ = 0  approximately,  hence  Ex  =  J Af  1  Vi^  approxi- 
mately.   The  energy  converted  back  into  heat  is 

In  a  locomotive  injector  one  pound  of  steam  is  required  for 
every  12  pounds  of  water  lifted;  therefore  from  the  above  formula 
12/13  of  the  energy  of  the  steam  must  be  converted  back  into 
heat. 

Disregarding  F2  we  have 

^'      0Wi+M2)2'    ••   ^'     13* 


^1 
Similarly,  J?2=   7^  . 

If  from  the  entropy  diagram  we  find  the  velocity  of  the  steam 
is  2400  feet  per  second, 

, ,      IX  2400  X  2400     ^^  ^^^  ,^  ,^ 
El  = :^--^t:3 =90,000  ft.-lbs. 

The  Hancock  Inspirator,  "  Stationary  "  Type, 

Directions  for  Connecting, 

Steam,  water,  delivery,  and  overflow  connections  are  as  illus- 
trated. 

Steam. — ^Take  steam  direct  from  the  dome  or  highest  part  of 
the  boiler  and  not  from  a  pipe  furnisliing  steam  for  other  purposes- 
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Place  a  globe  valve  in  the  steaiii-pipc*  for  a  starting-valve,  and 
before  coimecting  the  inspirator  blow  it  out  thoroughly  to  remove 
any  red  lead,  iron  chips,  etc. 

Sudion,—A  tight  suction  is  absolutely  necessarv^  especially 
on  a  high  lift  and  fur  the  smaller  size8  uf  inspirators. 


STEAM 


C^» 


MATER 


iFEEDTOeOILQi 


^-^^ 


OVERFLOW 
Fia,  155. — Hiuioock  liigpimtor, 

The  si2e  of  the  suction-pipe  should  be  in  proportion  to  ita 
length.  For  a  high  lift  or  long  trail,  use  pipe  one  or  two  sizes 
larger  than  the  suction  comiections.  The  suction-pipe  should  be 
as  nearly  straight  as  possible. 

Never  use  a  foot-valve^  as  the  water  should  be  allowed  to  drain 
£rom  the  suction-pipe  when  the  inspirator  is  not  in  ser\'ice» 
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Pb/C^  a  globe  valve  in  the  sucdon-fxpe  to  regulate  the  supj^y 
of  watfT  to  the  inspirator,  and  keep  rr  well  packed. 

iMlirery. — Place  a  check-valve  in  the  delivery-^pe,  betwewi  the 
in«jjirator  and  the  boiler,  also  a  ^obe  valve  between  the  check- 
valve  and  the  boiler,  so  that  the  check-val^-e  may  be  examineil  and 
r:!f:anerl  ii-hen  necesarj-.  If  the  inspirator  is  to  feed  throu^  a 
''h'siter,"  there  must  be  a  check-val^•e  between  it  and  the  in- 
gf^rator. 

OrerfUnr. — ^The  overflow-pipe  must  be  as  straight  as  possible 
and  the  full  size  of  the  connections.  The  end  of  the  overflow-pipe 
must  be  opened  to  the  air  and  not  piped  below  the  surface  of  the 
water. 

We  do  not  recommend  the  arrangement  for  an  inspirator  to 
take  water  under  a  head,  but  the  use  of  a  tank  fitted  with  a  ''ball 
cock,"  Sf>  tliat  the  inspirator  may  lift  the  water  from  it.  If  it  is 
necessarj'  to  connect  the  inspirator  direct  to  water-works  pressure, 
the  .suction-pipe  must  be  large  enough  to  secure  a  imiform  pressure. 
Never  take  water  from  a  pipe  which  suppUes  water  for  other  pur- 
P^js^!H,  as  the  water-supply  may  be  reduced  so  much  at  times  as  to 
make  it  unreliable. 

Directions  far  Operating. 

Opfn  the  overflow-valves  Xos.  1  and  3,  close  forcer  steam-valve 
No.  2,  and  ofx?n  the  starting-valve  in  the  steam-pipe. 

When  the  water  appears  at  the  overflow,  close  No.  1  valve, 
o[)en  No.  2  valve  one-quarter  turn,  and  close  No.  3  valve.  The 
in.spirat^)r  will  then  be  in  operation. 

NoTK. — No.  2  valve  should  be  closed  with  care  to  avoid  damag- 
ing tlie  valve-seat. 

When  the  insinrator  is  not  in  operation  both  overflow-valves, 
Nos.  1  and  3,  should  be  open  to  allow  the  water  to  drain  from  the 
inHi)irator. 

If  th(»  Ruction-pipo  is  filled  with  hot  water,  either  cool  off  both  it 
an<l  \hr  insi)irator  with  cold  water  or  pump  out  the  hot  water  by 
ojM'nint;  and  closing  the*  starting-valve  suddenly, 

So  adjustment  of  either  steam-  or  water-supply  is  necessary  for 
varying  stcjam-pressures,  but  both  the  temperature  and  quantity 
of  the  deUvery-water  may  be  varied  by  increaang  or  reducing  the 
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water-supply.  The  best  results  will  be  obtained  from  a  little 
experience  in  regulating  the  steam-  and  wat-er-supply* 

To  locate  a  kak  in  the  suction-pipe,  plug  the  end,  fill  it  with 
water,  close  No.  3  valve  and  turn  on  full  steam-pressure.  Examine 
the  suction  pipe  anti  the  water  mil  indicate  the  leak.  If  the  in- 
spirator does  not  Uft  the  water  properly,  see  if  there  is  a  leak  in 
tiie  suction-pipe.  Note  if  the  steam-pressure  correspontli*  with 
the  lift,  and  if  the  sizes  of  pipe  used  are  equal  to  the  size  of  t!ie 
inspirator  connections. 

If  the  inspirator  will  hft  the  water,  but  wiU  not  deliver  it  to 
the  boiler,  see  that  the  cheek-valve  in  the  delivery-pipe  is  in  work- 
ing order  and  does  not  stick.  Air  from  a  leak  in  the  suction  con- 
nections will  prevent  the  inspirator  from  ilelivering  the  water  to 
the  boiler  even  more  effectually  than  it  mil  in  lifting  it  only.  If 
No.  1  valve  is  damaged  or  leaks,  the  inspirator  will  not  work 
properly.    No.  1  valve  nmy  easily  be  removed  and  ground. 

To  remove  scale  and  ileposit  from  the  inspirator  parts,  discon- 
nect the  inspirator  and  plug  both  the  suction  and  delivery  outlets 
with  corks*  Open  No,  2  valve  and  fill  the  inspirator  with  a  solu- 
tion of  one  part  muriatic  acid  and  tea  parts  water. 

Rebeaters. — There  is  little  use  in  drying  steam  passing  from 
the  high  to  the  low-pressure  cylinders,  but  it  is  economical  to 
superheat  steam  that  has  bvini  dried  by  passage  through  a  separa- 
tor. Figs.  156  and  157  show  two  such  re  heaters,  in  which  the 
extent  of  healing-surface  provided  is  at  the  rate  of  1.25  square  feet 
to  the  hor?^e-fiow(M\     The  jjrinriiial  data  are  shown  on  the  cuts. 

Oil  and  Water  Separators. — Tlic  thermal  efficiency  of  an 
engine  is  increased  by  removing  w^atcr  from  the  steam  before 
they  enter  the  high,  or  any  succeeding  cylinder,  or  a  surface 
condenser.  Tlie  tliennal  efficiency  is  also  increased  by  removing 
the  oil  before  it  enters  any  condenser  or  boiler  or  any  succeeding 
heating  system.  Water  or  oil  interferes  with  the  transftT  of 
heat  through  condenser  tubes.  It  is  bi-tter  to  have  a  solid  clean 
scale  a  quarter  of  an  inch  thick  on  a  boiler  tube  than  an  amount 
of  oil  that  could  be  placed  there  by  rubbing  the  tube  with  a  grc^asy 
rag.  Water  carrjang  oil  sliould  not  be  used  as  boiler  feed- water 
and  steam  carrying  oil  should  not  be  used  in  radiators  or  otlier 
beating  systems. 
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Fig.  5  represents  a  separator  depending  upon  centrifugal 
(oTCi\  Fip,  157  and  157a  represent  separators  in  which  a  ribbed 
bafile  plate  is  placed  at  right  angles  to  the  current  of  st^am. 
The  ribbing  prevents  the  oil  or  water  from  being  brushed  off  by 
the  deflected  steam  current.  The  water  drains  down  and  out 
away  from  all  entraining  currents**  The  vacuum  oil-sei>arator 
is  placed  on  the  exhaast  pi|)e  of  the  engine  and  in  adtlition  to 
the  baffle  plates  it  has  a  circunifcrential  lip  to  catch  the  oil  that 


H 


e«ctlior»l  Piar) 
Ihrough  Held 


$lil*S«qtl0fl 


Fia*  157*— Vaeuym  Oil  Sep- 
arator for  Horizontal  Pipes 
18  inches  anil  larger. 


FiQ*  157a.— Beporator. 


creeps  along  the  interior  surface  of  the  exhaust  pipe  in  the  direo- 
tion  of  the  steam  current. 

If  oil  is  to  be  removed  from  exhaust  steam  it  should  be 
done  hi* fore  condensing  the  steam.  It  is  ahnost  inirx)ssible 
and  generally  impractical  to  remove  oil  from  conderii^ed  Bteam. 
The  reason  arises  from  the  fact  that  the  oil  becomes  oxidized  on 
the  surface.  The  oily  particles  lose  all  tcnilency  to  coalesce 
and  only  break  down  when  they  are  subjt^cted  to  the  high  heat 
of  the  boiler.  In  the  boiler,  the  oil  unites  with  the  metal  of  the 
boiler,  forming  oteates  of  iron  which  has  the  consistency  and 
strength  of  graphite. 


*  By  cDlarinnK  the  lower  cylindrieal  body  a  MffHttiding  frcw^inr  h  fnnnpd 
which  may  be  used  between  tlie  various  cyUnilnrH  of  *  ^uiee^ 
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CHAPTER  XI. 
MULTIPLE-EXPANSION   ENGINES. 

The  heat  in  the  steam  exhausted  from  a  ample  or  sin^e  en^e 
is  wasted,  as  far  as  the  engine  is  concerned.  In  some  cases  this 
exhaust-steam  is  sent  to  a  heater  and  its  heat  is  saved,  but  the 
resulting  economy  may  be  considered  as  belonging  to  the  engine 
plant  rather  than  to  the  engine.  If  this  steam  is  exhausted  at 
considerable  pressure  above  zero,  more  work  might  be  obtained 
from  it  by  further  expansion.  This  would  necessitate  a  second 
cylinder  of  much  larger  volume  than  the  first  to  accommodate  the 
proposed  increased  expansion  of  the  steam  incident  to  the  lowering 
of  its  pressure  before  rejection. 

In  no  case  is  it  economical  in  simple  engines  to  lower  the  tem- 
perature by  expansion  below  that  which  may  be  obtained  with  con- 
siderable ease  by  utilizing  the  temperature  of  natural  substances 
around  us.  If  water  be  expensive,  then  it  is  not  economical  to 
expand  below  the  atmospheric  pressure.  If  water  is  cheap,  then 
we  may  expand  the  steam  to  a  pressure  not  lower  than  tbree  or 
four  pounds  per  square  inch  above  the  pressure  corresponding  to 
the  temperature  of  the  water  as  showTi  in  steam-tables.  The  b»ck 
pressure  should  be  as  close  to  the  pressure  corresponding  to  the 
toriiperature  of  the  injection- water  as  possible. 

Advance  in  the  design  of  economical  en^nes  had  to  wait  on 
advance  in  knowledge  of  methods  of  manufacturing  better  mate- 
rials for  use  m  boiler  and  engine  construction.  Lack  of  proper 
lubricants  for  high-pressure  steam  prevented  its  use  for  one  or 
more  decades.  Failure  to  experiment  restrained  advance  in  all 
sci(»nces  till  the  middle  of  the  last  century.  Watt  advanced  the 
theory  that  the  water  consumption  of  an  engine  per  horse-power 
would  decrease  with  increased  ratios  of  expansion,  the  maximum 
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expansion,  however^  l>eing  that  which  gave  a  final  pressure  equal 
tc>  the  back  preasure.  In  1S40  a  Ci>niish  pump  was  accuratt^ly 
tested,  and  the  water  consumption  was  found  to  be  24  pounds  at 
1.5  expansions  and  16.5  pounds  at  3.5  expansions.  This  was 
assjumed  to  prove  Watt's  theory,  and  engine-builders  gave  all  the 
expansion  that  their  form  of  valve-ge^r  would  admit.  Gradually 
it  begun  to  be  felt  that  *  -  expansion -engines  were  expf^nsive  engines,'' 
From  1840  to  1S60  no  authoritative  experiments  were  made.  At 
the  latter  date,  Chief  Engineer  lalierwootl,  U.  S.  Navy,  pub- 
lished his  accurate  and  elaborate  experiments  on  the  U.  3.  Steam- 
sliip  Michigan,  and  the  losses  from  initial  condensation  were  re- 
vealed. A  more  intimate  knowledge  of  the  facts  demonstrated 
that  the  Cornish  engine  experimented  upon  was  working  under 
unsuspected  advantages,  which  accounted  for  its  economy.  The 
working  end  of  its  cylinder  was  not  exposed  to  exhaust  tempera- 
tures, the  aflinisaion  steam  was  superheated  by  excessive  mre- 
drawing,  and  a  li%^e-steam  jacket  effectively  reduced  internal 
condensation. 

Rankine's  analyse^g  of  Isherwood's  results  showed  that  tha 
initial  condensation  depejided  upon  the  range  of  temperature  to 
whicii  the  cylinder  was  subjected,  and  that  by  divithng  tliis  range 
among  two  or  more  cylinders  economy  would  result.  In  a  double* 
expansion  engine,  for  instance,  all  the  steam  comlensed  in  tlie  first 
cylinder  is  re-evaporated,  and  so  is  capable  of  performing  work 
in  the  next  cyUnder.  The  coniiensation  in  the  second  cylinder  is 
due  to  its  own  range  of  temperature,  which  is  far  less  than  it  would 
be  in  a  simple  engine  ha\dng  the  same  range  of  expansion  as  the 
compound  engine. 

During  the  next  forty  years  competition  causcfl  an  interesting 
struggle  in  the  production  of  record-breaking  engines.  Pressures 
rose  with  tlie  advance  in  the  art  of  boiler-making  and  the  advent 
of  mineral  nils.  Triple-  and  quadruple-expansion  engines  naturally 
followed  the  advance  in  pressiu-es.  High-speed  endues  showed  a 
marked  economy  over  slow-speed  engines.  It  was  claimed  that  the 
large  clearance  spaces  of  the  former  caused  no  loss,  because  the 
clearance  space  was  filled  by  recompressed  steam  to  tlie  boiler- 
pressure.  It  has  only  been  in  recent  years  that  proper  considera- 
tion has  been  given  to  the  large  losses  that  may  be  expected  from 
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hi^  t'onipression  in  engines  having  large  ratios  of  expansion, 
clearance  surfaces,  anti  early  release,     With  small  clearance,  a^ 
Blight  degree  of  compression  produces  no  considerable  loss  and  mj 
conducive  to  smooth  running. 

The  economy  arising  from  enclosing  the  working-cylinder  witli 
not  only  non-conducting  materia],  but  also  with  lieat-giving  fluids^ 
has  been  recognized.  Hot  waste  gase^s  in  jackets  caused  imequal 
expansdon  and  trouble  in  lubrication^  so  that  the  use  of  hot^a 
jackets  soon  e eased.  Tlie  use  of  steam-jfickets  continues  till  tliis  dayJ 
but  ^itb  more  general  use  of  steaui-.superh eaters  tliey  also  will  cease* 
to  be  employed.  In  the  paet^  however,  not  only  the  cylinder- barrd, 
but  also  the  heads  and  even  the  piston  have  been  jacketed.  IilJ 
tests,  a  gain  in  economy  is  shown  by  their  iise^  l>(M^^*ause  they  are 
regtilated  properly;  in  practice,  they  cease  to  he  wronondcal  (when 
their  higli  cost  of  installation  is  considered)  if  not  kept  properly 
drained  and  the  drainage  retmncd  at  high  temperature  to  the  boUer. 

We  have  already  seen  that  the  maximum  fluctuations  of  tern* 
perature  take  place  only  in  the  innermost  layer  of  the  cylinder 
walls.  With  a  rapidly  diminishing  range  of  temperature  these 
fluctuations  take  place  in  successive  layers  till  the  outermost  one 
is  reached.  If  this  outside  layer  is  kept  at  some  constant  tempera- 
ture by  means  of  a  jacket  the  less  will  be  the  range  of  fluctuation 
the  higher  the  temperature  of  the  steam-jacket,  ^nce  the  heat  from 
the  latter  is  flowing  inwardly.  As  the  steam-jacket  practically 
only  aflfects  the  cylinder  steam  that  comes  in  contact  with  the 
cylinder  walls,  its  value  in  the  case  of  large  cylinders  is  doubtful. 

Reduction  of  clearance  having  been  found  to  produce  economy, 
clearance  was  reduced  more  and  more  till  the  shortening  and 
lengthening  of  the  piston-rod  under  stress  became  a  subject  of 
consideration  (!).  It  is  now  recognized  that  reduction  of  clearance 
surface  is  more  essential  than  reduction  of  clearance  volume.  To 
obtain  reduction  of  clearance  volume,  the  valves  are  placed  in  the 
cyUnder-heads  to  give  the  shortest  possible  ports,  and  separate 
valves  are  used  for  admission  and  exhaust. 

High  speeds  of  rotation  having  proved  economical,  Corliss 
speeded  his  engines  up  from  50  to  125  revolutions,  and  for  a  long 
time  his  engine  was  considered  a  high-speed  engine.  A  higher 
speed  with  detachable  valves  is  not  practical,  as  the  piston  travels 
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far  during  the  time  that  the  dash-pot  ie  operating  the  valve. 
The  shaft-governed  engines,  running  at  speeds  of  over  200  revolu- 

*     tions  per  niinute,  have  put  Corli^  engines  with  tletachable  valves 

I  in  the  slow-speed  list.  Small  engines  rotating  400  to  000  tiniea 
a  minute  and  large  engines  with  a  piston  speed  of  1000  feet  per 
minute  are  in  general  use. 

We  have  seen  tliat  the  second  or  low-pressure  cylinder  is  larger 
than  the  first  or  high-pressure  cylinder  in  a  double-expansion  or 
conipouml  engine;  in  a  triple  the  third  or  low-preasure  eyUiider  h 
larger  than  the  internietliate  pressure  cylinderi  which  is  larger  than 
the  first  or  high-pre.^sure  cylinder.  Ordinarily  the  low-pressure 
volume  may  be  tiiken  at  3  to  4  times  tlie  volume  of  the  liigh  in  the 
compound  system^  and  in  the  triple  the  relative  volumes  are  fre- 

I  quently  7,  2|,  1,  Rockwood  deagned  a  compi:jimd  engine  in  which 
the  ratio  of  the  low-  to  high-preH.sure  volumes  was  6J  to  I,  or 
prBetically  a  triple  with  the  intermeiliate  cylindt'r  left  out.  Other 
data  were:  Engine  room  gage,  172.2  pounds:  superheat  at  throttle^ 
46  dei^X's;  cut-off,  .27^  stroke ;  clearance,  4,3  and  5%;  revolu- 
tions, 80/25;  vaeuum^  27:7  inches;  horse-power,  565,1;  steam  eon- 
sumption,  1L22  (xjunds  per  LH.P.  A  belief  immetliately  arose 
that  high  ratios  between  the  cylinder  volumes  of  compound  en^nes, 
eombined  with  low  clearance  pc»rcentage,  were  essential  to  com- 
|>ound-engine  economy. 

More  recent  compounds  designed  by  Prof.  Rockwood  have  given 
blotter  ri^sults.  A  16  X  40  X  48  Cross-Compound  Coojjct  Corliss 
Engine,  ilesignetl  by  him,  consumed  11.22  pounds  of  water  per 
IJI.P.  including  steam  condens*^!  in  jacketa  and  reheater  eoil* 
The  principal  data  were:  Steam  [pressure ^  engine  room  gauge,  172.2 
pounds:  suiM?rheat  at  the  throttle,  46  degn?es:  cut-off  at  ,278 
stroke:  clearance  4.3  and  5%;  revolutions,  80.25;  vacuum  27J 
inches:  horse-power,  565,1. 

The  folloT^ing  t(\sts,  made  in  the  last  five  years,  will  demon- 
strate that,  whilst  all  of  the  above  are  contributing,  none  of  them 
is  an  essential  element  to  economy,  A  deficiency  in  one  respect 
may  be  more  than  replaced  by  an  economy  in  some  other  direction. 
On  December  28,  1901,  Jacobus — on  a  Rice  and  Sargent  erosS' 
compound  engine^  cylinder  ratio,  4  to  1;  Corliss  valve-gear,  12L5 
revolutions;   steam -pressure,  151,3  pounds;   pressure  absolute  in 

lieondenser,  .85  pound;   live  steam  in  eylinder-liead  jaekets  of 
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Uat.  'r/Iiryier?  ar^i  in  a  rp-heating-recehrer — at  627.4  LH  J.  found 
a  -AaVrr  ^r^iri.*»jinplion  of  12.10  pou&i^.  The  clearances  were  4.7 
a-vi  7^; :  frxpaa^ioris.  33:  initial  condensation^  22f^.  This  engine, 
with  onliriarj'  c>'lin'if-r  ratioti  aa»l  oniinary  clearances,  gave  a  better 
fit'/fZ.ozuy  tfian  ilv-  Rockwooii  engine.  It  had  a  better  vacuum  and 
a  larger  ratio  of  ^-xjiarision. 

.•yrhroter— with  a  Van  den  Kerchove  poppet-valve  compound 
mgine,  cylinder  ratio.  2.97  to  1 :  126  revolutions;  steam-preasurey 
13^)  jjf>uiifh:  27.6"  ^-acuum;  jackets  on  barrels  and  heads;  no 
r*4jcat/rr;  32  expanaons:  23.5^  of  initial  condensation — at  117 
LII.P.  found  a  dry  saturated  steam  consumption  of  11.9S  pounds 
per  horse-prjwer. 

Tliis  rr^sult  is  sli^tly  better  than  the  preceding  and  on  a  smaller 
engine. 

AMiitharii,  Anrlrew,  and  Wells — on  a  Westin^ouae  compoimd 
with  tuin  L.P.  cylinders;  combined  poppet  and  Corliss  valve;  cylin- 
der ratio,  5.8  U}  1;  76  revolutions:  clearances,  10.5%  and  4%; 
steam-pressure,  185  pounrls;  27.3  inches  of  vacumn;  29  expan- 
sions; 32%  initial  condensation;  no  jackets,  nordieater — at  5,400 
horwr-p^jwer  found  a  water  consumption  of  11.93  potmds. 

llii.s  result  is  a  trifle  better  than  the  preceding.  We  are  dealing 
with  a  largfj  engine  with  a  fairly  large  ratio  of  expansion,  but,  on 
the  other  hand,  the  revolutions  are  low,  the  clearance  high. 

The  only  elements  in  common  in  the  above  engines  are  the  high 
ratio  of  expansion  and  a  high  boiler-pressure.  Jackets  helped  the 
small  engine,  and  the  large  one  did  not  need  them.  Reheaters  are 
probably  of  little  account  unless  they  superheat  from  30  to  100 
degrees  nH  a  ininiiiiuin  limit.  Very  liigh  expansion  may  overcome 
initial  eondensiition  losses. 

Laying  out  Theoretical  Indicator-cards  for  Compound  Engines. — 
TIk*  essential  fact  to  keep  in  mind  in  laying  out  the  theoretical 
indicator-cards  from  a  compound  engine  according  to  the  following 
method  is: 

T\\(i  W(»ight  or  mass  of  steam  entering  the  high-pressure  cylin- 
der is  the  weight  or  mass  that  is  rejected  by  the  low*pressure 
cylinder. 
From  this  naturally  flows  the  following  assumptions: 

The  mass  of  steam  in  the  liigh-pressure  cylinder  at  cut-ofiF- 
The  mass  of  steam  present  in  the  high-pressure  cylinder  at 
'  aust>-opening=- 
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The  mass  of  steam  in  the  low-pressure  cylinder  at  the  instant 

of  cut-off  = 

The  mass  of  steam  in  the  low-pressure  cylinder  at  the  instant 

of  exhau^*t-ojKming. 

We  shall  ai^sume  that  the  exhaust  opens  at  one  end  and  closes 
at  the  omer  end  of  a  stroke^  and  that  there  is  no  clearance  in  either 
cylinder  and  no  steam  is  tost  in  the  cycle.  We  are  not  discussing 
conditions  that  exist  when  the  engine  is  first  started  up  or  when  it 
is  stopping.  The  engine  is  supposed  to  be  rotating  uniformly  and 
taking  regular  charges;  there  is  no  initial  condeui^ation  and,  con* 
sec  |uentl y,  no  evaporation.  The  weight  of  a  mass  uf  steam  is  known 
when  its  pressure  and  volume  are  known,  and  if  steam  is  supposed 
to  expand  in  accordance  with  the  law  PV^C  the  maas  is  deag- 
nated  by  its  product  PV. 

The  student  will  obtain  a  better  knowledge  of  the  sequence  of 
events  in  compound  engines  if  he  will  draw  tlie  indicator-cards  on 
cross-section  paper  from  direct  calculations,  using  simple  round 
numbers,  instead  of  substituting  in  derived  formulas  that  become 
meaningless  from  cancellation.  After  obtaining  a  full  comprehen- 
aon  of  the  cycle  of  events  in  a  compound  engine,  he  may  derive  hi;? 
own  fornmlas. 

Definitions,  Figs,  159,  160.  191.  When  the  high-  and  low- 
pres^sure  pistons  are  on  one  piston-rod,  the  engine  is  ealleil  a  tandem 
compound.  In  a  cross-compound  engine  the  piston-rotls  of  the  high- 
and  low*prcs.sure  pistons  are  parallel  to  each  other,  and  their  cranks 
are  at  right  angles,  or  the  piston-ro<is  are  at  right  angles  to  eacli 
other  in  a  plane,  which  is  perpendicular  to  the  crank-shaft,  an*)  a 
single  erank  is  used.  There  may  be  more  than  one  low-pressure 
cylinder.  In  triple-  and  quadruple-expansion  engines  the  angle 
between  successive  cranks  is  not  nec^essarily  the  same  in  amount, 
nor  is  there  any  compulsory  sequence  of  cranks.  In  no  case  should 
the  opening  of  the  exlia List- valve  of  one  cylinder  occur  Ijefore  the 
^team  cut-off  of  the  next  larger  cylinder.  As  will  be  shown  later, 
we  should  avoid  transforming  energy  (that  shoukl  be  available  for 
the  production  of  work)  into  low-grade  thennal  energ}'-  that  cannot 
be  efficiently  utilized. 

The  maximum  volume  occupied  by  the  sfo 
compound  engine  is  the  volume  of  the  lo 
minus  the  volume  of  the  piston,  of  Co 
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volume  is  the  volume  of  the  high-pressure  cylmder  up  to  its  point 
of  cut-off;  therefore  the  toUd  ratio  of  expansion  is 

Volume  of  L.P.  cyl. 
Volume  of  H.P.  cyl.  at  cut-oflT 
Varying  the  cutroff  on  the  H.P.  cyl.  varies  the  amount  of  heat 
admitted,  but  varying  the  cut-off  on  the  L.P.  cyl.  has  no  effect  on 
the  amount  of  heat  rejected.  The  final  pressure  of  expansion  in 
the  L.P.  cyl.  is  governed  by  the  H.P.  cutoff  and  the  relative  sixes 
of  the  high-  and  low-pressure  cylinders. 

The  work  done  per  stroke  by  any  engine  depends  upon — 

1.  The  mass  of  steam  admitted. 

2.  The  total  ratio  of  expansion. 

3.  The  back  pressure  at  which  the  steam  is  finally  rejected. 

Therefore  the  work  done  per  stroke  is  independent  of  the  posi- 
tion of  the  point  of  cut-off  in  the  L.P.  cyl.  For  in  any  given 
engine  the  mass  of  steam  admitted  depends  only  on  the  high- 
pressure  cut-off,  and  the  other  two  quantities  are  independent  of 
the  L.P.  valve. 

On  the  other  hand,  the  percentage  of  the  total  power  that  is 
developed  in  each  cylinder  does  depend  upon  the  position  of  the 
L.P.  cut-off.  For  it  is  evident  that  any  cause  that  increases  the 
back  pressure  on  the  piston  of  an  engine  decreases  the  power  of 
that  engine.  If  the  cut-off  on  the  L.P.  cyl.  is  shortened,  the  pres- 
sure in  the  receiver  is  increased,  since  the  same  mass  must  be  ad- 
mitted into  the  L.P.  cyl.  as  before,  and  the  volume  in  which  it  is 
to  be  contained  has  been  decreased.  As  the  receiver  pressure  is 
the  back  pressure  on  the  H.P.  piston,  increasing  the  receiver  pressing 
decreases  the  work  done  in  the  H.P.  cyl.  As  the  total  power  of 
both  engines  has  not  been  altered,  it  follows  that  the  work  in  the 
L.P.  cyl.  has  been  increased.  The  only  use  of  the  L.P,  cutroff  valve 
is,  then,  to  regulate  the  percentage  of  the  total  power  developed  in 
each  eyhnder. 

Tandem  Compound  Engine  Without  a  Receiver  (Fig.  158).— 
Draw  the  cards  for  a  tandem  compound  engine,  initial- pressure, 
1(K)  pounds  abs.;  back  pressure,  3  pounds  abs.;  volume  of  H.P. 
cyl.,  4  cubic  feet;  volume  L.P.  cyl.,  16  cubic  feet;  cut-off  in  the 
H.P.  cyl.,  1/2  stroke. 
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s  there  is  no  receiver  there  can  be  no  culHDff  on  the  L,P.  cyL 
ictically  there  is  always  a  small  receiver,  as  the  pipes  leading 
the  L.P.  eyl.  from  the  H.P*  eyl.  always  form  part  of  the  receiver. 
leoretically,  however^  we  may  assume  their  volmne  as  zero. 
Lay  off  on  AB  the  pressure  100  pounds  abs. 
Lay  off  on  BC  the  volume  of  the  L.P.  cyl.,  16  cubic  feet. 
Lay  off  AD  =  2  cubic  feet  =  1/2  the  volume  of  the  H.P.  eyl. 
At  steam  cut-off  in  the  H,P.  eyl.  P^Fi  =  100x2  =  200,  the  con- 
it  mass  passing  tlirough  the  system. 
At  exhaust -opening  in  the  ILP.  eyl.  ^21^2  =  200,  but  F^^  vol- 
ume of  H.P,  cyL  =  4  cubic  feet.     /.  P2  =  50  pounds,  giving  point  E, 
The  mass  in  the  L,P.  cyL  at  the  moment  the  exhaust-valve 
opens =200, 


109 


m 


40 


FlO.   158. 


The  volume  of  the  L.P.  eyl.  =  16, 


r.      200         , 

"3  ^  -VTT  =^  1 2  J  pounds, 

^  giving  point  F. 

At  the  end  of  the  high-pressure  stroke  we  have  the  ILP.  cyh 
full  of  steam  at  pressure  of  50  pountls.  The  opening  of  the  exhaustr 
valve  adniitg  tliis  pressure  on  the  L.P.  piston  i?vithout  change,  as 
the  volume  of  the  connecting  pipe  is  zero.  Therefore  the  ailmis- 
sion  pressure  in  the  L.P.  eyl,  is  50  pounds. 

Ijay  off  BG  =  50^  thus  gi\dng  the  point  G. 

The  pressure  in  the  L.P,  cy],  varies  gradually  from  G  to  7^, 
hence  draw  a  smooth  curve,  FG. 

The  back  pressure  of  the  H.P.  cyL  is  the  same  as  the  forward 
Cjressure  in  the  L,P-  cyh 
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Lay  off  HB^'FC  and  draw  curve  EH. 

Lay  off  C/»3  pounds  and  draw  //;  it  will  be  the  back 
of  the  L.P.  cyl. 

The  curves  GF  and  EH  are  not  hjrperbolic  curves.  Inter- 
mediate pressures  may  be  found  as  follows: 

Suppose  the  pistons  are  at  1/4  stroke  on  the  return.  Then  3 
cubic  feet  at  the  exhausting  end  of  the  HJP.  cyl.  would  be  con- 
nected to  4  cuUc  feet  on  the  steam  side  of  the  L.P.  cyl.  This 
mass  in  this  case  must»200. 

Hence  -y-  "=28|  pounds  would  be  the  required  pressure  to  be 

laid  off,  fpving  points  K  and  L. 

The  cards  from  the  ends  of  each  cylinder  are  stoiilar. 

Cards  from  tandem  compound  steam-pumps  are  aiinilar  to  the 
above. 

Ex.  110.  The  diameter  of  the  H.P.  cyl.«  1';  diameter  L.P.  cyl.,  ?; 
stroke,  3';  initial  pressure,  120  pounds  absolute;  baek  pressure,  3 
pounds  absolute;  12  expansions.  Draw  the  cards.  Use  relative  in- 
stead of  absolute  volumes. 

Tandem  Compound  Engine  with  a  Receiver  (Fig.  159). — ^Lutial 
pressure,  120  pounds  abs.;  volume  of  H.P.  cyl.  =  4  cubic  feet; 
volume  L.P.  cyl.  =  12  cubic  feet;  volume  of  the  receiver =6  cubic 
feet ;  cut-fjff  in  H.P.  cyl.  at  1/4  stroke;  cut-off  in  L.  P.  cyl.  at  3/4 

stroke;  back  pressure,  3  pounds  abs. 

Lay  off  AZ^  =  120  pounds, 

Lay  off  7?C  =  12  cubic  feet  and  BD'  =  4  cubic  feet. 

Lay  off  AD  =  1  cubic  foot  or  1/4  the  vol.  of  H.P.  cyl., 
then  the  constant  mass  =  120  X 1  =  120. 

The  volume  occupied  by  the  steam  in  the  H.P.  cyl.  as  the 

exhaust-valve  is  about  to  open  =  4  cu.  ft.;  therefore  the  pressure 

120 
=  —  =  30,  giving  the  ordinate  of  point  E.     DE  is  an  hjrperbola. 

When  the  exhaust-valve  is  about  to  open  in  the  L.P.  cyl.  the 

mass  present  =  120  and  the   vol.  =  12  cubic  feet,  therefore   the 

120 
pressure  =-_-  =  10  pounds^  or  the  ordinate  of  point  F. 

At  the  instant  of  cut-off  in  the  L.P.  cyl.  the  mass  present 
id  it  will  be  the  mass  rejected,  since  there  is  no  clearance 
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120 
The  pressure  at  cut-off  or  G  will  be  -x-  =  13|  pounds,  because 

"the  vol.  of  the  L,R  cyl  at  cutniff- Jxl2=9  cu*  ft. 
Draw  GF;  it  will  be  au  hyperbola- 
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We  assume  that  the  pressures  in  the  L.P,  cyU  at  the  instant 
before  its  cutK>ff,  at  its  cut-off,  and  the  instant  after  its  cutH3ff  are 
identieaL  The  instant  before  cut-off  in  the  L.P*  cyL  the  exliaust 
from  the  ILP*  cyL  was  in  cofnmuni cation  with  the  reeeiver,  and  the 
latter  was  in  conununication  mth  the  L,P.  cyh  The  pressures  in  all 
three  must  have  been  identical  and  equal  to  that  in  tlie  L.P.  cyl.  at 
its  cut-off. 

As  the  L.P.  piston  is  at  3/4  stroke,  the  H.P.  piston  must  be  at 
3/4  of  its  stroke,  s<:>  that  the  volume  uf  the  H.P,  cyL  on  the  exhaust 
md  nuLSt  be  (1— 1)4  =  1  cu.  ft*  Tliis  is  open  to  the  receiver  with 
a  volume  of  6  cu*  ft.  The  back  pressure  at  //  on  tlie  H.P,  piston 
«13|,  and  the  mass  must  be  7X131^. 

Since  the  cut-off  valve  on  the  L.P*  cyL  is  closetL  further  move- 
ment of  the  H.P,  piston  must  compress  tliis  mass  into  the  volume  of 


the  receiver  alone.  The  rise  in  pressure  must  be 
pounda,  or  the  ordinate  of  L    Draw  HL 


(6  +  l)xl3§ 


« 15.55 
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The  back  preasure  on  one  ade  of  the  H.P.  piston  is  15.55  pounds, 
and  the  fonifwtl  terminal  expansion  pressure  on  the  other  aide  of 
this  piston  is  30  pounds.  The  next  instant,  the  H.P.  exhaust- 
valve  opens,  and  these  masses  with  these  two  preasures  form  one 
mass.  A  conunon  pressure  will  be  attained  immediately.  Hie 
masses  joined  are  30x4  and  6X15.5,  or  120 +03.3 -213«3.  As  the 
volume  of  the  combined  mass  is  4+6«-10,  the  common  preasure  is 
21.33  pounds,  which  is  the  value  of  the  ordinates  of  K  and  J. 

Join  K  and  G,  it  will  be  the  admiseion  curve  of  the  L  J^«  cyL 

Join  /  and  H,  it  will  be  the  corresponding  back-preasm^  line  of 
the  H.P.  piston. 

Lay  off  CM-3  pounds  and  draw  MN,  it  will  be  the  back- 
pressure line  of  the  L.P.  piston. 

Ex.  111.  Data  same  as  in  preceding  example,  except  that  there m 
a  receiver  whose  volume  is  twice  that  of  the  H.P.  cylinder. 

Cross-compound  Engines.  —  In  cross-compound  engines  the 
cranks  of  the  high-  and  low-pressure  engines  are  at  right  angles 
to  one  another.  There  must  be  a  receiver  between  the  two  engines, 
as  the  high-pressure  exhaust  occurs  when  the  low-pressure  fuston 
is  at  half-stroke.  In  addition  to  the  work  in  the  preceding  case 
we  have  to  find  the  positions  of  one  piston  when  the  other  is  at 
critical  points,  such  as  cut-off,  exhaust-opening,  etc.  It  is  essential 
to  decide  on  the  character  of  rotation,  whether  clockwise  or  the 
reverse,  and  also  fix  on  the  crank  that  is  leading.  Much  help  vAl\ 
be  found  in  diagraniniatic  sketches  for  each  critical  position,  show- 
ing piston  positions  and  tlie  volumes  that  are  in  communication 
at  such  critical  positions  (Figs.  159  and  160). 

Cross-compound  Engines. — Draw  the  cards  from  a  cross-com- 
pound engine,  L.P.  crank  leading;  rotation  clockwise;  initial  pres- 
sure H.P.  cyl.,  180  pounds  abs.;  number  of  expansions,  30;  ratio 
of  cylinder  volumes,  6  to  1 ;  volume  (;f  H.P.  cyl.,  5  cu.  ft.;  volume 
of  receiver,  10  cu.  ft. ;  cut-off  on  L.P.  cyl.,  1/3  stroke;  back  pressure 
in  L.P.  cyl.,  1  i)ound  abs. 

Volume  of  L.P.  cyl.  =0x5  =  30. 

30 
Volume  of  H.P.  cvl.  at  cut-off-=  — =  1  cu.  ft. 

30 

Ratio  of  expansion  in  H.P.  cyl.  =  y  =  5. 
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30 
The  volume  of  L.P,  cyl  at  cui-off=^^10  cu.  ft. 

The  constant  mass  passing  through  the  cycle  or  Pi  F^  ^  180  X 1  ** 

180. 

180 
The  pressure  at  cut-off  in  the  L.P,  cyL  must  equal  —  =  18 

poumb^//. 

Lay  off  AB=  ISO  pounds;  .4C-30cu.ft.;  BD  =  lQiu(t;  then 

180  IW 

;      EF'^—^  =  S6  pounds  and  CC=~r==6  pounds,  and  the  ordinate 

at  H  is  laid  off  for  18  pounds.    Join  //  and  (7  by  an  hyperbola. 


150 


VJ 


^ 


X. 


Low  Fr«fl«un  C^t-Off 


^""^^^ H 


*^ 


-■^  -;^?C 


Fio,  160; 


Clieck,    The  prcBsure  at  H  is  three  times  that  at  G. 

Wc  must  now  firid  the  volume  of  the  H,P,  cyl.  that  is  exhaust- 
ing into  tlie  receiver  at  an  instant  before  L,P*  cut-off  takes  place. 
If  the  length  of  the  connecting-rod  is  to  be  considered^  graphic 
construction  will  be  found  easier  than  by  analysis.  For  rimplicity 
we  shall  assume  infinite  rods  and  obtain  our  results  analytically. 

Draw  the  circular  diagram  (Fig.  160)  in  accordance  nith  the 
data.  It  is  evident  that  ce  represents  the  desired  volume  if  ef 
represents  the  volimie  cf  the  H-P,  cyL 

3'    '^     2      3      6' 


ed- 
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hence 

cfa-ac-c/V(l/2)2-(l/6)«-.47e/, 
ec-.50  e/-.47  e/-,03  e/. 

The  required  volume  is  therefore  .03 X5  cu.  ft.  *.15  cu.  fL 

Hence  the  pressiu^  in  the  L.P.  cyl.  at  cut-off,  in  the  recdnr 
and  in  the  H.P.  cyl.  when  the  {nston  of  the  latter  has  .15  cu.  ft  of 
exhaust-steam  behind  it  is  18  pounds. 

Lay  off  AJ". 15  cu.  ft.  and  lay  off  an  ordinate -^18  pounds^ 
thus  finding  point  /. 

As  the  H.P.  piston  moves  to  the  end  of  its  stroke  all  the  steam 
in  the  H.P.  cylinder  on  the  exhaust  ade  and  in  the  receiver  will  be 
compressed  into  the  receiver  volume  alone,  as  the  L.P.  valve  has 
cut-off  steam  admission.  The  pressure  in  the  receiver — whose 
volume  is  10  cu.  ft.— when  the  H.P.  [Hston  reaches  the  end  of  its 

stroke  will  be -jx -18.27  pounds  or  the  ordinate  at  K. 

There  is  assumed  to  be  no  exhaust  lap  on  the  hi^-pressure  valva 
The  next  instant  the  exhaust  from  the  other  side  of  the  HP. 
piston  is  opened  to  the  receiver  and  the  two  masses  must  come  to 
a  conmion  pressure.  The  sum  of  the  two  masses  is  proportional 
to  5X36  +1S.27X  10  =362.7,  and  the  common  volume  is  5  +10  cu. 
ft.,  or  the  sum  of  the  volumes  of  the  H.P.  cyl.  and  receiver. 

The  pressure  at  L  is  then  362.7 -^  15  =  24.2  pounds.  On  this 
diagram  thcTo  is  no  corresponding  point  on  the  L.P.  diagram,  as 
its  valve  is  closed. 

The  pressure  having  dropped  from  F  to  L  at  the  opening  of  the 
exhaust- valve,  the  11. P.  piston  now  starts  on  its  return-stroke, 
sweeping  st(\am  into  the  receiver.  This  continues  till  the  H.P, 
piston  reaches  half-stroke.  No  steam  is  taken  from  the  receiver 
during  that  interval,  as  cut-ofif  on  the  L.P.  cyl.  took  place  before 
half-stroke. 

A  mass  of  362.7  is  forced  into  a  volume  of  ^  +  10  =  12.5,  and 

362.7 
the  resulting  pressure  will  be  -77^-^  =  29  pounds,  which  is  not  only 

the  back  pressure  on  the  II.P.  piston  at  the  middle  of  its  stroke  at 
"s  also  the  initial  pressure  on  the  L.P.  piston  at  N,    Join 
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L  and  M^  M  and  /,  JV  and  //.  The^e  curves  arc  not  hyperbolic 
curve.^  and  may  be  sketched  in.  Intermediate  i>oints  can  be  found 
by  calculating  volumes  and  pressures. 

Draw  the  back-pressure  line  for  the  L*P.  cyl.  at  1  pound  above 
the  absolute  zero  line. 

Ex.  112.— Diameter  of  the  H.R  cyl,  h  20";  stroke,  40";  cut-ofif 
H*P,  eyl,  1/4  stroke;  total  expansions^  16;  initial  pressure,  160  iibs.; 
back  pressure,  3  pcrunds  abs.;  volume  of  the  receiver,  3/2  that  of 
H,P.  cyL;  cut-cjflf  in  L.F.  evL,  3/8  stroke.     (Assume  vulunie  of  H,P, 

Cross-compound  with  L*P.  Cut-off  after  Half-stroke  (Fig.  161) 


^ 


Fio.  161. 

— If  the  cut-ofT  on  the  L.P.  cyL  has  Dot  taken  place  before  half- 
stroke,  it  is  evident  that,  when  the  h)gh*preasure  exhaust  opens, 
the  common  volume  will  be  the  volume  of  the  H.P,  cyl.,  the  re- 
ceiver, and  half  the  volume  of  the  L.P.  cyL  The  result  is  a  hmnp 
in  the  middle  of  the  L,P.  card.  This  indicates  a  loss  of  efficiency, 
for  whenever  liigli -pressure  steam  is  allowed  tcj  enter  a  space  fillet} 
with  steam  of  a  lower  pressure,  there  is  a  transformation  of  energy 
into  heat  that  could  liave  been  converted  into  work.  Keeping  in 
mind  that  the  object  of  a  steam-engine  or  steam-turbine  is  the 
transformation  of  heat  into  work,  any  reversal  of  that  process  is 
certain  to  produce  a  loss  in  the  number  of  foot-pounds  of  work* 
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In  Fig.  160  the  drop  FL,  known  as  receiver  drop,  is  not  economical 
when  excessive,  and  hence  for  best  results  thermodynamically  LE 
should  be  made  to  equal  FE  by  cutting  off  shorter  in  the  L.P.  cyl. 
If  this  results  in  making  the  L.P.  card  larger  than  the  H.P.  card, 
the  engines  will  develop  different  horse-powers,  which  will  produce 
non-uniform  rotation. 

Take  the  same  data  as  in  the  preceding  problem  and  let  the 
cut-off  on  the  L.P.  cyl.  be  at  2/3  stroke. 

The  points  B,  D,  F,  and  G  will  be  in  the  same  position  as  before. 

At  cut-off  in  the  L.P.  cyl.  the  volume  is  20  cu.  ft.  and  the  mass 
is  180X1 « 180,  therefore  the  pressure  =W =9  pounds,  giving^ 
and  h. 

Check.  Expanding  20  cu.  ft.  at  9  pounds  to  30  cu.  ft.  the  pres- 
sure becomes  6,  as  found. 

Drawing  the  circular  diagram  and  laying  off  crank  positions  in 
accordance  with  the  data  we  find 

ef  ef 

df^-^j  od  =  -7r,  da  =  oc=^A7  ef.    .'.  c/  =  .97e/. 

The  volume  of  the  H.P.  cyl.  exhausting  into  the  receiver  at  this 
cut-off  of  the  L.P.  cyl.  is  then  .97x5  cu.  ft.  =4.85  cu.  ft. 

The  mass  in  the  H.P.  cyl.  and  the  receiver  at  the  instant  of 
L.P.  cut-off  is  then  9  X  (4.85  +10)  =  133.65. 

Rotate  the  crank-shaft  till  the  L.P.  is  at  the  end  of  its  stroke. 

Tlie  H.P.  piston  compresses  the  above  mass  into  the  volume  of  the 

receiver  and  half  the  volume  of  the  H.P.  cyl.    The  pressure  there- 

9X14.85 
fore  rises  to  -r^~rT7r  =10.7  pounds,  which  is  therefore  the  value  of 

the  ordinate,  /,  at  the  middle  of  the  return-stroke  of  the  H.P.  cyl., 

and  of  Jy  which  is  the  initial  pressure  in  the  L.P.  cyl. 

Rotate  the  crank  till  the  H.P.  piston  reaches  the  end  of  its 

stroke.     During  this  period  the  volume  of  the  H.P.  cyl.  exhaust  is 

rapidly  diminishing,  but  the  volume  of  the  L.P.  cyl.  is  increasing 

more  rapidly,  so  that  the  pressure  in  the  receiver  is  falling  till 

9x14.85 
half-stroke.     At  that  time  the  pressure  is  --^     '     =5.34  pounds, 

which  will  be  the  value  of  the  ordinates  K  at  the  middle  of  the 
L.P.  stroke  and  of  L  at  the  end  of  the  H.P.  stroke.    Join  /  and  L, 
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and  K,    These  curves  represent  the  same  change  of  pressure, 
ring  the  back  pressure  on  the  H.P,  piston  and  the  forward  pressure 
the  L,P.  piston. 

An  infinite^iiiial  movement  of  Ute  crank  prochiees  the  next 
i^ent,  viz.f  opens  the  exiiaust  of  the  H.P.  cyL  into  the  receiver  and 
the  L.P.  cyl.  whose  steam- valve  is  %vide  open. 

The  sum  of  the  two  masscB  united  is  36x5+5.34  (10  +  15)  = 
313.65,  and  the  common  volume  is  5  +10  +  15  =  30  cu,  ft,,  hence 

tlie  common  pressure  is      .,  >     =  10.45,  which  is  therefore  the 

ordinate  at  M  ami  *V,  Join  N  and  h,  h  and  /,  K  and  M,  M  and  H* 
Draw  the  back-pressure  line  on  the  L.R  diagram. 

Ex,  113*  Data  as  in  preceding  example^  but  assume  cutoff  at  5/8 
stroke. 

Ex,  114.  Alter  the  data  of  the  preceding  example  to  obtain  equal 
hon?e-p«wer  in  each  cylinder. 

Ex,  115,  Alter  the  data  to  obtain  the  same  range  of  temperature 
in.  each  cylinder. 

Ex.  1 16,  Aher  the  data  In  the  preceding  example,  giving  clearance 
and  points  of  exhaust  opening  and  closing  in  each  cylinder,  but  use  an 
infinite  connecting-rod. 

To  Find  the  Sizes  of  Cylinders  for  a  Compound  Engine. — The 

power  of  any  engine  per  Ktrokt:*  Ls  di'tenuined  )>y  tlic  nmm  of  steani 
admitted  and  it^  ratio  of  expansion.  All  the  power  of  a  compound 
or  other  multipk^-expansion  engine  could  be  developed  in  its  low- 
preasure  cylinder,  disregarding  for  a  moment  the  necessary  strength 
of  parts  and  condensiitioii,  since,  if  we  admitted  into  that  cyUnd^ 
the  same  mass  as  was  admitted  into  the  high-pressure  cylinder, 
we  may  expand  tliat  nmm  in  tliis  cyUnder  the  .same  numljer  of 
times  as  in  the  multiple-expansion  engine  against  the  same  back 
pressure. 

Find  the  diameters  of  the  high-  and  Inw-preamire  cylinders  of  a 
cross-compound  engine,  gage  pressure  at  the  boiler,  150  j34>unds; 
total  ratio  of  expansion^  16;  ratio  of  low-pressure  cylinder  are-a  to 
that  of  the  high,  4  to  1;  assumed  diagram  factor  deriveil  from 
engines  of  about  the  same  power  and  of  the  same  general  design, 
83%;  back  pressure  in  the  condensLT  Is  1  pound  absolute;  revo- 
lutions>  120;  hoi^e-power,  1000,  stroke,  42", 
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Preuore  In  Couden«er 

Fig.  102. 
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Expected  mean  effective  pressure 
165  (1  +  log,  16) 


16 


-1    .83- 31.45  Dounda. 


For  cards,  see  Fig.  111. 
31.45X3.5X^X240 


1000. 


ii  =  1250ord  =  40'' 


33,000 
The  diameter  of  the  liigh-pre^ure  cylinder  is  20^^    Cut-off  in 
the  liigh-preasuix^  cylinder  is  at  a  little  less  tlian  1/4  stroke. 

Assume  clearance  in  Mgh-preasure  cylinder  is  5%,  and  in  the 
low  is  7%,  and  that  the  volume  of  the  receiver  equals  the  volume 
of  the  L,P.  cylinder, 

L  To  Combine  Indicator-cards  of  a  Compound  Engine. — '*Tha 
"'Combined  Diagram '  is  a  hyiK>thetieal  figure,  which  iji  its  essential 
features  represents  an  indicator-diagram  which  would  lx>  obtained 
if  the  whole  process  of  atlmission,  expansion,  anrl  exhaust  occurred 
in  one  cylinder^  \nz,,  the  low-preasure  cylinder.  It  is  a  diagram 
from  which  the  pressure  of  the  steam  at  an}'  point  in  the  stroke 
of  either  cylinderj  and  the  volume  of  that  steam,  can  be  measured 
from  one  diagram  in  the  same  manner  that  it  can  be  measured  in 
the  case  of  a  single-cylinder  engine  from  the  actual  indicator- 
diagram. 

"The  general  method  of  la>ing  out  a  combined  diagram  is 
sliown  in  the  appentle<l  cuts,  Figs,  103  and  165,  the  first  of  which 
refers  to  a  Corliss  compound  engine  (receiver  engine) ,  in  which  the 
ratio  of  volmnejs  of  the  two  cyhmlers  is  as  3.72  to  1^  and  the  clear- 
ance of  the  high'pressure  cylinder  is  4  per  cent,  and  of  the  low- 
pressure  cylinder  is  4.S  per  cent;  and  the  second  to  a  We^sting- 
house  compound  engine  (Woolf  engine),  in  which  the  ratio  of  the 
volumes  is  as  2  J2  to  1,  and  the  clearance  33  per  cent  and  9  per 
cent  respectively."  f 

In  the  single  car<Is  the  liigh-  and  low-pressure  diagrams  are  of 
approximately  the  same  length.  Since  there  is  a  radical  liifference 
in  the  volumes  represented  by  the  lengths  of  the  cards,  there  must 
be  a  radical  difference  in  their  scale  of  volumes.  Similarly  the 
scale  of  pressure  in  each  card  is  different  In  the  combined  dia- 
gram there  is  only  one  scale  of  volumes  and  one  scale  of  pressure. 
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To  Draw  the  Combmed  Diagram » — Draw  any  line  to  represent 
tlie  clearance  line  as  in  Fig,  163,  PtTpencUcular  to  it,  at  any  given 
point,  creet  a  line,  caUed  the  zero  line,  whose  assumed  length  ^ill 
represent  the  volume  of  the  low-pressure  eyhnder  plus  the  clear- 
ance. Lay  off  this  clearance.  Divide  the  remainder  into  any 
number  of  parta  and  divide  the  atmospheric  Hne  of  the  low-pressure 
diagram  (hmited  by  the  end  ordinates  of  the  diagram)  into  the 
same  number  of  parts.  Draw  ordinates  tlirough  these  points  and 
lay  off  in  tlie  combined  diagram  (in  accordance  to  it^  assumed 


H.  P,  CYU 


-40 


L.  W,  CVL. 


I  ta^t  Tmitm 


Fjg.  164. 


scale  of  pressures)  the  pressures  as  determined  by  the  length  of  the 
Corresponding  orchnates  in  the  single  card* 

To  the  same  scale  of  volumes  lay  off  the  volume  of  the  high- 
pressure  eyhnder  and  its  clearance  from  the  clearance  hne  or  Une 
of  zero  volume.  As  before^  after  laying  off  its  clearance,  divide 
the  remainder  into  any  nuJnber  of  parta  and  divide  the  length  of 
the  high-presaurc  card  into  the  same  number  of  parts.  Convert 
the  ordinates  of  the  high-pressure  card  into  pressures  and  lay  off 
these  pressures  (to  the  chosen  scale  for  the  low-pressure  card)  in 
the  combined  dia^am. 

Practical  Diagrams. — In  the  forma  tinn  of  the  theoretical  dia- 
grams just  cl escribed  many  assumptions  were  made  that  are 
ioipOBPible  of  attainment  in  practice.    There  is — 
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1.  The  loss  due  to  drop  of  pressure  between  the  steam- 
boiler  and  the  piston.  This  includes  loss  in  the  pipe,  bends, 
valves,  and  separators.  It  varies  from  5%  of  the  boiler- 
pressure  upwards,  depending  upon  conditions. 

2.  The  steam-valve  opens  the  port  gradually,  and  there 
must  be  a  considerable  difference  in  pressure  between  the  steam 
in  the  chest  and  that  inside  the  cylinder  to  generate  the  high 
velocity  demanded  when  the  port  is  nearly  closed.  The  corner 
at  cut-off  is  rounded  off. 

3.  The  loss  due  to  drop  when  the  H.P.  exhaust- valve  opens. 

4.  The  corresponding  losses  of  pressure  in  the  steam  entering 
the  L.P.  cylinder  or  cylinders. 

5.  The  reduction  of  the  mass  of  steam  in  the  cycle.  The 
steam  froni  the  H.P.  cylinder  should  pass  through  a  separator 
and  the  water  separated  out  f?hould  be  returned  to  the  boiler, 
and  hence  passes  out  of  the  cycle. 

6.  A  loss  due  to  deficient  vacuum.  One  or  two  inches  of 
vacuum  make  considerable  difference  in  the  total  pressure  on 
a  L.P.  piston.  This  amount  is  frequently  lost  through  allowing 
avoidable  air-leaks,  greasy  tubes,  defective  air-pump,  etc.  The 
loss  of  one  inch  of  vacuum  on  an  80-inch  piston  would  cause 
the  continuous  loss  of  over  a  ton  of  force. 

7.  The  exhaust  opens  gradually  instead  of  instantaneously 
at  the  end  of  the  stroke.    This  causes  a  small  loss. 

8.  Clearance  space  and  clearance  surface  cause  nmch  loss. 
Ratio  of  Expansion. — The  rounding  of  the  corners  necessitatei . 

a  definition  of  the  ratio  of  expansion  in  a  compound  engine. 

"In  a  multiple-exj)an?ion  engine  it  is  determined  by  di\ddiqg 
the  net  volume  of  the  steam  indicated  by  the  L.P.  diagram  at  tll6. 
end  of  the  expansion  line,  assumed  to  be  continued  to  the  end  of 
the  stroke,  by  the  net  volume  of  the  steam  at  the  maximum  pre8* 
sure  during  admission  to  the  high-pressure  C3'linder. 

'^For  a  compound  engine*,  referring  to  the  combined  diagram 
(Fig.  106),  tJie  ratio  of  expansion  is  the  distance  CD  divided  by 
the  dist'vnce  AB,  in  which  E  and  F  are  points  on  the  compressioil 
and  expansion  lines  respectively  of  the  high-pressure  diagram,  the 
latter  Ixdng  near  tlie  f>oint  of  cut-off,  and  H  and  G  points  on  tib 
compression  and  expansion  Unes  of  the  low-pressure  diagram,  tl 
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Wi  Wing  near  the  })oint  vt  rdeaae,  and  the  curves  ^,4,  FB,  RC, 
I  GD  \mj\^  IivfXTJmlie.  If  it  is  flcaire*!  to  deter  mine  the  nh 
»«nit  lavins^  out  the  ronibint*!  fliagram,  it  can  be  clone  by  ilraW' 
on  tilt*  origiiml  cliagninis  Uic  hypoiJiolic  curves  reforixl  l> 
pro  and  inultiplving   tlie  i^tio  of  volumes  uf    the  cyliiideo^ 


Fig.  16ft. 

t  by  the  ratio  of  the  length  of  the  high-pressure  diagram  to  the 
ance  AB,  and  then  by  the  ratio  of  the  distance  CD  to  the 
2;th  of  the  low-pressure  diagram. 

"  Diagram  Factor. — The  Commit  tee's  definition  of  the  *  Diagram 
jtor  '  was  given  in  tne  case  of  simple  engines.  In  Rg.  167  the 
factor  is  the  proportion  borne  by  the  area  of  the  trw) 


I  determined  for  the  hJgb-pntMiire  diegnm  Ia  tba 
A7Mie^inFig.50. 


[     ^Boiler  Pressure 


^ 


Zero  Line  of  Pressure 


^  Line  of 


Pressure 
in  Condenser 


Fig.  167. 
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combined  diagrams  to  the  area  CNHSK.  In  F!g.  167  the  cfistun 
€N  for  the  hi^-pressure  cylinder  is  found  in  tlie  same  manner  u 
in  ttie  case  of  the  simple  engine.  .  •  .  Tlie  roean  effective  praanra 
•of  the  ideal  diagram  can  readily  be  obtained  from  the  fonnok 

P 

^(1+hyp.  log/Q-p, 

where  P  is  the  absolute  pressure  of  the  steam  in  the  boikr,  Jttb 

ratio  ^T7,  and  p  the  pressure  of  the  atmoeidiere  or  in  the  eoo- 

■denser/'t 

Diagram  factors  for  compound  engjines: 

Hig^-speed,  short-stroke,  unjacketed 60  to  80% 

Slower  rotational  speeds 70  "  85 

"  "  "    jacketed 85  "  90 

Corliss 85  "  90 

Triple-expansion 60"  70 

(See  Vols.  XXIV  and  XXV,  Trans.  A.  S.  M.  E.) 
Jacketing,  reheaters,  and  superheaters  modify  the  cEagiam 
factor  considerably. 

In  marine  engines  these  factors  are  much  lower.     Bauer  and 

Robertson,  **  Marine  ilngines  and  Boilers,"  give: 
Expansion  in  a  single- cylinder: 

Large  slow-spee<l  engines 70  to  75% 

Small  high-si)ee<l  engines 65  **  70 

Expansion  in  two-eylinder  or  compound  engines: 

Large  engines  up  to  100  revolutions  per  minute 60  "  67 

Small  engines  with  a  higher  number  of  revolutions. .  55  "  60 

Triple-expansion  in  three  cylinders: 

War-vessels  ^^^th  a  liigh  number  of  revolutions 53  "  54 

Mercantile  vessels  up  to  190  revolutions  per  minute. .  56  "  61 

In  multiple-expansion  engines  the  weight  of  authority  is  in 
favor  of  expanding  in  all  cylinders  but  the  low-pressiut*  to  a  pressure 
ixjual  to  the  back-pressure,  i.e.,  there  will  be  no  drop  in  the  re- 

t  Standard  Engine  Tests. 
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*eiver.  The  explanation  of  the  difference  lies  in  initial  condensa' 
lion. 

*'The  rea3DD  why  condensation  effect?  this  change  h^  not  that 
some  steam  is  condenser i  in  the  cylinder  eacli  stroke,  but  that  the 
eondensatioii  is  not  in  proportion  to  the  steam  athnitted  and  the 
work  done,  but  is  nearly  a  fixed  amount  per  stroke  for  a  given  set 
cif  conditions.  If  more  steam  is  admitted,  the  amount  condensed  is 
practically  thesame^  but  the  proportion  which  is  condensed  becomes 
less;  and  for  this  reason  it  is  economical  to  throw  away  some  work 
by  free  expansion  at  each  end  of  each  stroke,  for  in  so  doing  the 
total  amount  of  work  done  i>er  stroke  is  increased  and  the  con- 
densation^ which  is  a  total  loss,  becomes  smaller  in  proportion,"* 
This  reasoning  is  applicable  to  expan^on  in  the  low-pressure  cylin- 
der^  where  conilcnsation  should  be  rethiced  to  a  minimum. 

Terminal  drop  or  free  expansion  tends  to  heat  the  steam.  In 
other  words,  a  loss  of  work  is  convertetl  into  a  gain  in  heat.  The 
liighest  economy  is  opposed  to  such  a  transfer.  The  required  heat 
*^hould  be  obtained  from  reheating  coils  placed  in  the  receiver. 
Further,  the  hf*at  so  obtained  should  be  applied  to  sa  per  heating 
dry  steam,  all  water  having  been  pre\iously  removed  anvl  sent  to 
the  boiler  with  the  feed-water. 

Ex.  117*  Initial  pressure  120  pounds  absolute,  clearance  H.P. 
cyh  24%;  cut-uff  i  stroke;  clearance  L.P.  cyl,  5%;  diam,  of 
L.P.  cyL  is  twice  that  of  the  H.R  cyi  Vacuum  24";  piston  speed 
800  feet  per  min.  Find  the  following  quantities  for  a  horizontal, 
cross-compound  condensing  engine  of  2000  horse-power  capacity; 

(1)  Give  dimensions  of  each  cylinder^ 

(2)  Number  of  involutions  ]>er  minute. 

(3)  Hize  of  pulleys  on  engine  and  shaft. | 

(4)  Initial  pressure  in  each  cylinder, 

(5)  Terminal  pressure  in  each  cylinder. 
(§)  Mean  eflfective  pressure  in  each  cylinder* 

(7)  Give  the  point  of  cut-off  for  economy, 

(8)  Draw  cards  from  each  cylinder  for  economy, 

(9)  Draw  some  cards  with  admission  late — j^g  of  the  stroke.f 

*  Trans.  A.  S-  M.  K,  VoL  XXI,  p.  1006. 

t  See  Power,  pag^  622,  1007. 
f  See  page  386, 


CHAPTER  XII. 
REVOLUTION  CONTROL. 

The  work  done  by  some  machines  is  dependent  on  the  irregu- 
larity of  motion  of  some  one  of  their  parts.  In  a  punching-machine, 
for  instance,  the  rather  constant  and  small  pull  of  a  belt  is  utilized 
to  store  up  energy  in  a  fly-wheel  by  increasing  its  revolutions.  At 
the  instant  the  punch  commences  to  penetrate  a  plate,  the  demand 
for  the  pressure  and  work  of  detrusion  is  supplied  instantly  by  the 
fly-wheel.  The  consequent  loss  of  speed  is  made  up  in  the  time 
elapsing  between  the  commencement  of  the  rise  and  the  com- 
mencement of  the  penetration  of  the  punch. 

The  degree  of  uniformity  of  rotation  exacted  of  steam-engines 
varies  with  their  use.  In  the  case  of  engines  for  certain  electrical 
purposes  and  for  cotton-mills,  for  instance,  the  closest  possible 
approach  to  perfect  uniformity  is  desirable. 

Uniformity  of  rotation  may  be  considered  under  two  heads: 

1.  Uniformity  in  the  number  of  strokes  per  minute. 

2.  "  of  rotation  during  the  stroke. 

It  is  evident  that  any  governor  controlling  the  pressure  or 
volume  of  steam  entering  an  engine  has  no  control  of  the  speed 
between  the  point  of  cut-oflF  and  the  end  of  the  stroke.  The  speed 
of  an  engine  having  badly  sot  valves  or  a  poorly  designed  governor 
may  be  incessantly  changing,  one  stroke  being  made  too  fast  and 
the  next  too  slow,  althougli  the  revolutions  in  a  minute  may  be  the 
required  number.  If  the  work  done  during  one  stroke  is  the  same 
in  amount  as  that  done  during  the  following  one,  then  the  amount 
of  energy  received  (measured  quite  approximately  by  the  weight 
of  steam  admitted)  should  be  identical  on  each  stroke.  Uniformity 
of  rotation  requires  the  same  mean  effective  pressure  on  both 
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akes  of  the  piaton  for  a  fixed  position  of  the  goveming  ra^han* 
nil.  The  valves  of  an  engine  are  not  properly  set  until  indicator* 
cards  siniultaneonsly  taken  from  each  end  of  the  steam  cylinder 
on  the  Slime  revolution  show  the  same  mean  effective  pressure. 
In  vertical  engines  this  pressure  must  be  corrected  for  the  weight 
of  the  reeiprocating  parts. 

No  practical  means  of  anticipating  variation  of  speed  have 
ever  been  devised.  Hence  momentary  variation  of  speed  has  bei^n 
used  to  actuate  mei;hanism,  that  governs  the  incoming  energy,  to 
give  practical  umfonnity  uf  rotation  witiiin  the  lixoits  set  by  the 
designer. 

The  principal  methods  of  governing  steam-engines  are: 

1.  Throttling* — By  regulating  the  pressure,  but  not  the  vol- 
ume of  the  steam  admitted  to  the  engine. 

2.  Variable  Cut-off. — By  regulating  the  volume,  but  not  the 
pressure  of  the  steam  admitted.  ' 

3.  Fly-wheels. — By  storing  up  surplus  energy  in  such  form 
that  on  demand  it  wiU  be  returned. 


Fig.  ifis. 

Throttling  (Fig.  108). — If  a  circular  disc  be  pivoted  at  any 
cross-section  of  a  pipe,  a  more  or  less  efficient  and  easy  means  of 
regulating  the  weight  of  steam  that  passt^s  will  be  secured.  A 
disc  of  this  character  arranged  in  a  practical  manner  is  called  a 
butterfly  valve  or  tIirottle>  As  the  valve  approaches  its  closing 
position  the  thfference  in  the  pressure  of  the  steam  on  the  two 
sides  of  the  valve  will  be  a  considerable  quantity,  Tliis  difference 
of  pressure  is  necessary  to  produce  the  high  velocity  of  the  steam 
in  the  contractetl  area  of  the  pipe,  and  to  overcome  losses  pro- 
duced by  friction  and  eddy-making.  By  placing  a  valve  of  this 
character  close  to  the  engine  and  moving  it  by  some  land  of  auto- 
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matio  mechanism  we  obtain  a  means  of  govenung  tbe  speed  of 
ibe  en^ne  under  chan^ng  load. 

Variable  Cut-off  .—We  have  ah-eady  seen  that,  by  changing  flw 
throw  of  a  valve,  the  volume  of  steam  admitted  may  be  altend 
to  comply  with  variations,  either  in  the  load  or  the  boiler-prasso 
The  different  mechanisms  for  doing  this  automatically  will  be  (b- 
cussed  in  this  chapter. 

Fly-wheels.— We  shall  find  that  the  fly-whed  has  vesry  Ktde 
influence  on  the  constancy  of  the  number  of  revolutions  made  in 
a  minute.  We  must  distinguish  carefully  between  a  rate  and  an 
actual  quantity.  When  an  engine  has  no  governor,  as  in  marine 
en^nes,  if  the  load  decreases  (as  it  does  when  the  aihip  pitches  and 
the  propeller  rises  in  the  water),  there  is  an  immediate  increase  in 
the  velocity  of  rotation.  Whilst  a  fly-wheel  might  absorb  sooie 
of  this  energy,  yet  the  amount  absorbed  would  be  trivial  oompand 
to  the  surplus  energy  constantiy  coming  into  the  engines.  In 
marine  engines,  if  the  increase  of  speed  becomes  dangerous  the 
supply  of  energy  is  controlled  by  regulating  the  throttle  by  h^^ 
In  land  en^nes  the  revolutions  in  a  minute  are  controlled  either 
by  a  throttling-governor  or  by  a  variable  expandon-govemor. 
The  duty  of  the  fly-wheel  is  then  almost  limited  to  securing  uni- 
formity  of  rotation  during  a  revolution.  "* 

Fundamental  Equations. — We  must  distinguish  carefully  be- 
tween tangential  and  centripetal  or  centrifugal  forces  in  revolving 
masses.  If  a  mass  is  revolving  uniformly  it  can  neither  exert  any 
tangential  force  nor  can  any  tangential  force  act  on  it  unless  sudi 
force  is  balanced  by  an  equal  and  opposite  force.  Any  unbalanced 
force  means  an  accelerated  or  non-uniform  speed.  If  there  be  any 
change  of  speed  there  is,  on  the  contrary,  a  tangential  acceleration 
that  may  be  utilized  in  the  production  of  force.  On  the  other 
hand,  in  cases  of  uniform  motion  there  is  developed  a  force  along 
the  radius,  called  centiifugal  force,  that  is  utilized  in  nearly  all 
forms  of  steam-en^ne  governors.  As  we  cannot  have  a  pull  on  a 
fitiinj]:  without  the  presence  of  two  equal  and  opposite  forces,  so 
centrifugal  stress  (causing  tension  on  the  arms  of  the  fly-wheel) 
requires  two  equal  and  opposite  forces.  A  pull  to  the  center  is 
necessary  to  draw  the  i)articles  from  the  straight  line,  that  they 
'o  follow,  into  the  curve  of  the  circular  path.    The  particles 
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ert  an  outward  pull,  and  the  arm  exerts  a  stress  in  the  opposite 
lirectiou.  Centrifugal  force  then  is  not  a  force  acting  along  a 
tangent,  but  is  the  outward  radial  pull  exerted  by  the  particles, 
and  produces  its  equal  and  opposite^ — centripetal  force  acting 
inwardly.  The  equality  of  centripetal  and  centrifugal  forces -only 
exists  when  there  is  no  motion  along  the  radius.  In  the  shaft- 
governor,  for  instance^  the  weight  moves  outwardly  till  tlie  tension 
on  the  spring— repre^sen ting  centripetal  force— overcomes  the  cen- 
trifiigtd  force  and  tends  t4>  cause  motion  inwardly  of  the  weight. 

This  demonstration  is  limited  to  the  centrifugal  force  exerted 
by  a  particle  revolving  at  uniform  speed  in  a  circle. 

Let  0  be  the  center,  R  the  radius,  and  ds 
the  length  of  arc  described  in  the  time  dt. 

If  d&  is  the  length  of  the  arc  at  unit  radius, 
then  RdO^ds. 

^H      -^ ^Tt^^i  ^he  uniform  speed  in  a  circle 


d^^ 


di      dl 

The  acceleration  along  the  radius  may  be 
taken  as  the  difference  be: ween  two  successive 
velocities  along  two  consecutive  radii-    If  in    "    d^ 
each  fee  or  the  origin  is  taken  at  the  end  of  the  Fm.  im. 

left  radius,  we  may  take  the  velocity  along  the 
fight  raflius  as  the  acceleration.    For  example,  the  velocity  along 
the  radius  OA  is  zero  and  the  velocity  along  ratlius  OC  (found  by 

drawing  a  tangent  at  A  to  intersect  OC)  is  CB  cr  —7-,  so  marked 

as  acceleration  ib  a  second  differentiaL 

dsdO=(PIij  since  the  triangles  O^t' and  CAB  are  similar- 


But 


"-t. 


dsda 


-tPR, 


=  (Xt 


Rdfi     dl^       ^' 
^  =  €K^= accelerating' 
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The  force  to  produce  an  acceleration  ia  equal  to  the  prodnetrf 
the  maas  and  the  acceleration.    Th»efore 

A  body  wd^ng  W  pounds  revolving  at  a  speed  of  V  feet  pe 
second  at  R  feet  radius  (gyration)  \vill  cause  a  centripetal  fora 
of  F  pounds  per  second. 

Ex.  1 17.  The  student  should  show  why  F  is  elementaty ;  fa  poond 
and  not  feet. 

Kinetic  Energy. — If  a  body  wei^bing  W  pounds  is  raised  ] 
feet,  Wh  foot-pounds  of  work  are  required.  If  this  body  is  aUowec 
to  fall,  the  instant  that  it  has  passed  over  k  feet  Wh  foot-pound 
of  work  are  stored  in  it.  This  energy  of  motion  may  also  be  ex- 
pressed  in  terms  of  the  velocity  that  it  possesses  at  the  instant  ol 

passing  the  point  h  feet  below  the  starting-^xunt.    As  A— -^  wc 

have  Wh^-K^.    It  is  immaterial  how  a  parbde  acquires  the 

velocity  V  whether  by  falling  or  by  the  action  of  forces  other  than 
gravity.    Hence  if  a  particle  in  a  fly-wheel  is  moving  with  a  velocity 

of  V  feet  per  second,  its  kinetic  energy  is  al§o  —^ — . 

TFF2 
Ex.  lis.  Separate  -7^ —  into  its  component  parts,  and  show  that 

it  is  essentially  a  compound  quantity  and  is  reducible  to  foot-pounds. 
Note  carefully  that  any  equation  containing  g  (gravity)  must  have 
aU  linear  dimensions  in  feet,  and  all  measurements  of  time  must  be 
in  seconds  unless  proper  constants  are  used  to  effect  the  desized 

variation. 

Fly-ball  Governor  with  and  without  Central  Rotating  Weight. 

— Let  AC  bo  a  rotatiiifz;  spindle  carrying  revolving  balls  B 
and  B,  and  a  heavy  rotating  weight  of  L  pounds  at  C.  Let  the 
balls  B,  Bi,  weighing  xv  pounds  apiece,  be  attached  to  links  in  such 
manner  that  if  C  move  vertically  upward  to  C,  the  linkage  will 
now  take  the  position  AB'C'B'x,  shown  in  dotted  lines. 

Tlv  the  action  of  two  equal  forces,  P,  Pi,  exerted  vertically  at 
let  the  Unkage  attain  the  dotted  position.    Either  analyt- 
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illy  or  graphically  it  vnil  be  fountJ  that  if  the  balls  B,  Bi  move 

rough  a  small  vertical  height  (cife),  the  heavy  weight  L  will  move 

k  greater  heigh tj  kidh).    The  work  put  in  must  equal  the  work  done. 

/.  2P{dh]^2wdh+IA{dh). 


If  the  upper  and  lower  arms  are  of  the  same  length,  k^2.    The 
horizontal  work  mil  evidently  be  zero, 


f# 


/ — ^-^De*r-A- 


\ 


r 


¥iQ.  170. 


Let  the  mechanism  shown  be  that  of  a  loaded  high-spcci 
fpyvemm.  Let  centrifugal  force  Ff  acting  along  i?'B'  and  E'Bi% 
keep  the  ballB  in  the  dottetl  position  shown.  Then,  for  the  reaaonp 
above  given,  we  have,  taking  moments  around  Af  Pr^Fhj  or 


T\ih  equation  contains  apparently  six  variables,  five  of  wluch 
must  be  pven  to  determine  the  remdning  one.    Suppose  L  =  0* 
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This  gives  the  equation  of  the  simple  pendulum  governor, 

wr=^ h    or    — =x- 

gr  g      h 

In  this  equation  the  weight  of  the  balls  B  and  Bi  has  entirely 
disappeared.  Hence,  theoretically,  if  there  were  no  such  effects 
as  friction  and  inertia,  and  if  certain  very  necessary  parts  had  no 
weight,  we  could  use  balls  of  any  weight  whatever.  Practically, 
as  there  is  conaderable  friction  in  valve-stem  packing,  as  heavy 
parts  must  be  given  motion  quickly  and  as  connecting  links  have 
necessary  weight,  the  balls  are  generaUy  made  of  considerable 
weight,  depending  on  the  size  of  the  governor  and  on  the  condi- 
tions imder  which  it  is  to  act. 

In  the  above  equation  V  is  the  velocity  of  the  governor-balls 
in  feet  per  second;  a  more  convenient  equation  for  use  in  practice 
is  one  in  terms  of  the  number  of  revolutions  that  the  governor- 
balls  make  per  minute  =  iV.    .'.  ^^  =  ("gQ~)  • 


^=§nI    «^    ^'^^  =  2936 
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Heights  and  Speeds  op  Governor. 


Altitudca. 

Altitudes. 

Revnluiions 

Revolutions 
per  Minute. 

per  Minute. 

Feet. 

Inches. 

Feet. 

Inches. 

60 

.815 

9.76 

200 

.073 

.876 

80 

.457 

5.48 

300 

.032 

.39 

100 

.292 

3.50 

400 

.018 

.22 

125 

.187 

2.24 

500 

.012 

.14 

150 

.13 

1.56 

600 

.0075 

.09 

An  examination  of  the  table  and  the  figure  shows  that  the 
heights  of  the  cones  become  very  small  and  impractical  at  speeds 
much  exceeding  80  revolutions  i)er  minute.  This  becomes  more 
apparent  when  we  remember  that  it  is  the  difference  in  the  height 
of  the  cones  that  aflfords  the  motion  of  the  mechanism  for  closing 
the  throttle.     Thus,  in  changing  from  80  to  85  revolutions  a 
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minute,  the  difference  in  height  of  the  cones  is  1  inch;  at  200  revo- 
lutions  the  cone  height  is  only  .88  inch,  and  the  speed  would  have 
to  reach  300  revolutions  per  minute  to  change  the  height  .88  — 
.39  =  *48  inch,  Tliese  dimensions  are  entirely  too  small  for  any 
pr ae  ti  cal  me  v  h  anism  * 

Referring  to  our  fundamental  formula,  pag^  331,  let  k  =  2, 
Tlus  will  be  the  case  when  the  upper  and  lower  arms  are  of  equal 
length.    Then 


(w-^Dr^ 


wV^    wi4^m)h 


9^ 


mgr 


or 


(i^)(-§)-™- 


•.  29361 


-N^h. 


The  relation  between  this  formula  and  that  for  the  simple  pendu- 
lum is  at  once  apparent.    For  simplicity,  let  the  heavy  central 


I- 


^■1*  "^^  ~--!^  I""  ' 


V, 


Fig.  171, 


weight  be  nine  times  that  of  one  of  the  ballfl,  then  the  height  of 
the  cone  will  be  ten  times  that  of  the  simple  pendulum.  This 
makes  this  form  of  governor  available  in  coses  of  governor  revolu- 
tions ranging  from  200  to  240  revolutions  or  higher. 

Sensitiveness.— If  Ni  is  the  highest  and  ^2  the  lowest  number 
of  revolutions  permitted  by  the  governor,  th^ 
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expressed  by  jf^^'"^^  range  of  speed  divided  by  fhe  ma 

~2 
q)eed.    The  gmaUer  this  fraction  the  more  sensitive  the  goveno 
If  Ni  -N2  becomes  0,  the  governor  ceases  to  act  properly  fn 
siipersenflitiveness. 

For  convenience  let  2936»Ci>  and  ( 1  +- j  -O^*. 
Then  for  the  loaded  governor  -V^-jYi, 


VA2 


Subtracting, 


Adding, 


\v//i     v^a/     Ni''N2 

•*•      1    ^  1       WTWl' 

We  would  obtain  the  same  expression  for  the  sensitiveness  of  a 
unloaded  governor.  It  is  therefore  evident  that  their  sensitivi 
ness  is  identical  if  their  cone  heights  /i2  and  hi  are  identical.  Th 
greater  inertia  of  the  loaded  governor  makes  it  the  more  sensitivi 
as  it  overcomes  friction  the  more  readily. 

Practical  Forms  of  Fly-ball  Governors.  —  The  pendulun 
governor  takes  many  shapes  and  different  qualities  are  possesse 
in  var>ing  amounts  by  the  different  forms.  Fig.  172  illustrate 
a  Proell  governor.  It  consists  of  a  hollow  vessel,  G,  fixed  t 
the  rotating  shaft,  ft,  and  possessing  two  projecting  ears,  E,  whic 
provide  pivots,  D,  for  the  bent  lever-arms  L.    The  rotatio 


nEVOLVTlON  CONTROU 


335 


M  the  shaft  is  conveyed  to  the  balk  through  G^  E,  and  L,  As 
the  balls,  B^  B%  fly  out,  the  inner  ends  of  the  bent  lever  L  press 
downward  on  a  plate  resting  on  the  spring  S,  The  motion  of  the 
b&Us  resiilt>s  in  the  motion  of  the  sleeve,  Ut  whose  motion  in  turn  is 
used  to  actuate  a  lever  or  other  mechanism. 

It  is  evident  that  the  centrifugal  force  of  the  baUs  increases, 
as  they  fly  out,  on  account  of  the  increasing  radius  from  the  spindle 

£\ 


W 


r 


d 


Fig.  172. 


B,  as  well  as  from  their  increased  revolutions.  The  compresave 
resistance  of  the  spring  S  opposes  the  outward  motion  of  the 
balls. 

Three  cases  may  arise; 

1.  Tiie  compressive  resistance  of  the  spring  may  increase  in 
exactly  the  same  ratio  that  the  centrifugal  foroe  exerted  by  the 
haJls  in(*reaaeH, 

2.  It  may  increase  less  rapidly  than  the  centrifugal  force. 

3.  It  may  increase  more  rapidly  than  the  centrifugal  force* 
In  the  first  case  it  is  evident  that  the  balb  ^ill  maintain  thdr 

lowest  position  until  the  spindle  H  attains  some  6xed  speed.    The 
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slightest  increase  over  that  speed  sends  the  balls  to  their  extreme 
outward  position,  which  shuts  off  steam  entirely.  The  consequent 
decrease  in  speed  is  followed  by  the  return  of  the  balls  to  the 
lowest  position  and  the  steam-valve  is  opened  wide.  This  con- 
tinual fluctuation  is  called  hunting.  The  governor  is  said  to  be  in 
neutral  equilibrium,  unstable,  astatic,  or  isochronous.  Theoret- 
ically, the  governor  has  only  one  speed  (hence  isochronal)  for  all 
positions  of  the  balls;  the  equilibrium  is  not  stable,  hence  the 
other  terms.    The  sensitiveness  is  evidently  too  great. 

If  we  substitute  another  spring  whose  resistance  on  compression 
increases  less  rapidly  than  the  centrifugal  force,  we  have  an  arrange- 
ment that  will  not  regulate  at  all — not  even  badly — for  the  balls 
fly  to  their  limit  and  shut  off  steam  before  the  engine  reaches  the 
desired  number  of  revolutions. 

Let  us  substitute,  then,  a  spring  whose  compressive  resistance 
increases  with  its  diminishing  length,  only  a  trifle  more  rapidly 
than  the  corresponding  increase  of  the  centrifugal  force  of  the  balls, 
due  to  their  increasing  radii  of  action,  the  revoliUions  being  kept 
constant  at  the  lower  fixed  rate.  If  the  speed  of  an  engine  is  to  vary 
from  180  to  182  revolutions,  the  spring  is  stronger  than  the  centrif- 
ugal force  at  180  revolutions  for  corresponding  lengths  of  spring 
and  radius  of  action  of  the  governor-ball.  But  at  any  speed  higher 
than  180  revolutions  there  are  positions  of  momentary  equilibrium. 
These  moments  are  followed  by  decreased  speed,  as  the  steam- 
supply  has  been  diminished  for  the  following  stroke. 

It  is  desirable  that  governors  approach,  but  not  arrive,  at  iso- 
chronism,  since  oversensitiveness  practically  produces  more  irregu- 
larity in  the  motion  of  an  engine  than  that  arising  from  a  pre- 
determined variation  from  perfect  uniformity  of  rotation. 

There  are   other   methods   of  obtaining  isochronal   motion. 

A'2A  =  2936(l  +9~/'      ^^^  ^^y  given  governor  the  only  variables 

in  the  above  fundamental  equation  are  N  and  h.  If  the  governor 
is  so  constructed  that  h  is  constant  for  different  radii  of  action  of 
the  balls,  then  A^  becomes  constant  also.  For  example,  three  dif- 
ferent simple  pendulum-governors  having  the  same  cone  height  AC, 
but  the  lever-arms  of  different  lengths  as  shown,  would  all  revolve 
in  the  same  time,  for,  in  that  case,  N^h=2936.    Hence  if  in  a 
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intersect  the  other  normals  in  some  points  S  and»5i.  It  is  a  prop- 
erty of  the  parabola  that  the  subnormal  ac=bd.  The  cone  height 
being  constant,  a  governor  operating  on  these  lines  would  be  iso- 
chronal. 

A  practical  form  of  this  governor  is  shown  in  Rg.  175.  By 
choosing  the  points  5i,  5'  so  that  the  subnormal  slightly  increases, 
a  stable  governor  is  obtained;  if,  however,  the  subnormal  decreases, 
the  governor  would  be  unstable. 

Power  of  a  Governor. — There  is  a  certain  amount  of  work  done 
in  raising  the  weights  of  a  governor,  which  is  given  out  again  on 
the  descent  of  the  weights.  Tliis  work  is  called  the  power  of  the 
governor  and  is  equal  to  the  two  vertical  forces  that  are  necessary  to 
raise  the  weights  multiplied  by  the  range  of  elevation  in  feet,  or 
twice  the  mean  centrifugal  force  of  each  ball  multiplied  by  the 
difiference  between  the  maximum  and  mininmm  radius. 

Pr         Pr 
Fh^Pr,    :.  F^ 


h      Vp-r^' 

By  laying  off  the  values  of  F  for  various  radii  as  ordinates 
with  the  radii  as  abscissip,  an  area  is  obtained  that  expresses 
graphically  the  integral  of  Fdr  for  one  ball.  For  a  Porter  loaded 
governor  with  equal  arms,  U  L  =  9w  the  power  of  the  governor  will 
be  ten  times  that  of  a  simple  governor  for  the  same  variation  in 
the  height  of  the  cone.  Liability  of  the  governor  sticking  as  the 
engine  slows  down  is  diminished  by  increasing  the  power  of  the 
governor. 

Friction  of  a  Governor. — Hitherto  we  have  neglected  friction 
in  the  joints  of  the  governor  mechanism,  friction  of  the  valve-stem 
packing,  unbalanced  steam-pressure,  and  the  friction  of  the  valve 
itself.  But  little  consideration  is  necessary  to  show  that  all  these 
resistances  should  be  reduced  to  a  minimum  if  a  sensitive  govern- 
ment of  the  steam  is  desired.  It  is  better  to  let  a  Uttle  steam  leak 
from  the  valve-stem  packing  than  to  tighten  up  the  gland  so  tight 
that  the  governor  acts  irregularly.  A  method  of  measuring  the 
total  amount  of  these  resistances  in  pounds  will  now  be  given. 
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In  the  general  formula  (page  331)  Pr^Fh,  if  r  and  h  remain 

Pi    Fv    Nt^ 
constant  we  have  p'^  ir^Tp^;  *^  other  words,  the  centrifugal 

force  varies  witli  the  square  of  the  revolutions  and  P  varies  with 
the  centrifugal  force. 

Supposing  all  parts  of  the  governor  mechanisni  are  in  their 
proper  position  when  Nt  revolutitjns  are  being  made,  but  that 
they  do  not  move  until  additional  centrifugal  force  due  to  A' 2 
revolutions  is  generated,  it  is  evident  that  the  friction  is  meas- 
ured by  F2  *-  Fi  or  by  Pa  ^  Pi .  From  the  above  equations  we  have 
P2"Pl     N2^-Ni^ 


Henfee  the  frictional  resistance  of  one  ball 


-^  ^  — ,  or  the  total  friction  =  2Pi    "\f  ^^  > 

Valves  for  Short  Cut-off, — Tlie  conmion  slide-valve  with  a  fixed 
eccentric  is  not  used  to  cut  off  steam  at  less  tiian  5/S  stroke.  On 
constructing  a  valve  diagram  one  sees  at  once  that  with  a  constant 
nmxiniuiii  port-opening  the  steam 4ap»  and  consequently  the  valve- 
traveh  become  impractieally  large  if  a  shorter  eut-off  is  attempted. 
With  simple  engines  the  economical  cut-off,  using  steam-pressures 
varying  from  80  pounds  to  120  pounds  per  sfjuare  inch  (gage)» 
varies  from  1/4  to  1/7  stroke.  To  obtain  this  result  the  following 
mechanisms  have  been  used : 

L  Adjustable  eccentrics. 

2.  Links,  by  the  use  of  which  the  greater  or  less  valve-travel 
depends  on  two  eccentrics,  as  in  the  Stephenson  link, 

3,  An  independent  valve  driven  by  a  separate  eccentric  and 
mo\ing  on  an  independent  valve-seat  over  the  main  val\'e,  A 
true  representative  of  this  type,  the  Ganzonbach  or  gritUron 
valve,  is  no  lunger  used.  We  shall  describe  a  modifieil  type — 
the  Buckeye  valve, 

4*  An  independent  valve  riding  on  the  back  of  the  main 
valve — Meyer  valve. 

r5.  Tripped  valves  of  the  Corliss  type. 
6,  Poppet-valves  driven  by  cams  used  in  connection  wit*^ 
8U  peril  felted  steani. 
Adjustable    Eccentrics. — Instead    of    fitting   and    keying 
eccentric  to  the  shaft,  let  us  attach  the  eccentric  to  the  arms 
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fly-wheel  which  is  keyed  to  the  shaft.  Any  rotation  of  the  shaft 
will  then  cause  exactly  the  same  movement  of  the  center  of  the 
eccentric  as  would  have  been  caused  if  the  eccentric  had  been 
fastened  directly  to  the  shaft.  It  will  be  seen,  however,  that  this 
method  of  attachment  allows  us  to  change  not  only  the  angular 
advance,  but  also  the  throw  of  an  eccentric.  Fig.  176  shows  a 
swinging  eccentric  with  ears  X  and  X'  cast  on  the  front  edge  of  an 


Fig.  176. 

eccentric,  leaving  the  rim  to  be  encircled  by  the  eccentricHstrap  as 
usual.  The  fly-wheel  is  supposed  to  be  in  front  of  the  eccentric, 
and  is  omitted  to  avoid  confusing  the  diagram.  The  eccentric, 
reduced  to  a  ring-like  form,  fits  the  shaft  so  loosely  that  it  may 
readily  be  swung  around  Z  as  a  pivot,  thus  causing  the  center  of  the 
eccentric  to  swing  through  the  arc  AfF,  If  P  is  the  center  of  the 
crank-pin,  it  will  be  seen  that  this  increases  the  angular  advance 
DOA  to  DO/,  and  shortens  the  throw  of  the  eccentric  from  OA  to 
Of  when  the  center  of  the  eccentric  is  moved  from  point  A  to 
point  /.  If  A''  is  held  rigidly  in  this  new  position,  then  the  valve 
motion  will  be  that  due  to  an  eccentric  having  the  new  throw 
0/  and  the  new  angular  advance  DOf.    In  Fig.  176)  S,  P',  and  X  are 
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itened  rigidly  to  the  fly-wheel,  which  is  keyed  to  the  shaft  0* 
^'Tf  S  moves  about  P'  (froiii  centrifugal  force),  the  eccentric  center 
A  villi  move  in  the  arc  AfF, 

Keeping  the  center  of  the  crank-pin  as  it  is  in  the  figure,  it  is 
evident  that  the  arc  AfF  mil  vary  with  the  radius  XA  and  the 
pusition  of  the  center  X,  If  XA  be  matle  longer  the  arc  becomes 
flatter;  if  XA  be  infinite  in  length  or  a  construction  is  used  that 
produces  the  effect  of  an  infinite  rod,  the  arc  becomes  a  straight 
line  perpendicular  to  the  line  joining  the  center  of  the  shaft  and  the 
center  of  the  crank-pin.    This  may  be  called  a  shifting  eccentric, 


.-^^  1 


N>.. 


y 


'/' 


fX^: 


Fig.  177, 


'to  distinguish  it  from  one  that  swings.  If  X'  is  made  the  pivot 
and  X  the  moving  center,  the  curvature  of  AfF  is  reversed.  The 
effect  of  these  changes  of  the  position  of  the  center  X  and  of  the 
length  of  the  arm  XA  may  be  r^dily  determiued  from  the  valve 
diagram. 

The  student  should  draw  a  number  of  complete  cUagrams, 
including  the  imhrator-cards  to  scale,  keeping  in  mind  that  the 
steam-  and  exhaust-laps  are  conBtant  (Fig.  177).  Lay  off  nega- 
tively an  angular  advance  DO  A,  With  the  maximum  throw  of 
the  eccentric  OA  (AxOA,  Mg,  176)  as  a  diameter  construct  on 
0.4  (and  OA  produced)  valve-circles.  With  ste^m-laps  OC  and 
exhaust-lap  OH  construct  steam-  and  exhaust-lap  circles.     With  a 
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center  on  OX  {Hxxluced  if  neceasary  (to  the  rigjiit  in  this  case)  and 
a  radius  X'A^'iXA  (Fig.  176)  construct  an  arc  AffF.  Join  0 
and  any  point  /  and  construct  on  Gf  and  on  an  equal  pro- 
longation valve-circles;  they  will  be  the  valve-circles  for  the  new 
throw  and  new  angular  advance.    Note  the  effect  on — 

1.  The  crank-angle  of  admission. 

2.  The  amount  of  steam-lead. 

3.  The  point  of  cut-off. 

4.  The  crank-angle  of  exhaust-opening  and  exhaust4ead. 


Fio.  179. 


¥ui.  178. — Diagram  from  a  12"X12"  engine.  250  revs,  per  minute,  width  of 
port  1",  length  of  port  9",  steam-lap  J",  exhaust-lap  0,  L//2«=6;  center 
al)Ou'  which  the  eceentric  swings  is  distant  14"  from  the  center  of  the  shaft. 

Fio.  179. — Diagram  from  Straight-Line  engine  IT'XH".  275  revs,  per 
minute,  width  of  port  }",  length  of  port,  1}"  crank  end,  If"  head  end; 
exhaust-lap,  crank  end  JJ",  head  end  \\";  eccentricity  varies  from  IJJ"  to 
21";  steam  lead  —.04  at  cpiarter cut-off.     (Klein's  Steam-engine.) 

5.  Tlio  crank-aiiglc  and  piston  position  of  exhaust-closure. 

6.  Tlio  work  of  compression. 

7.  Noto  tlie  effect  of  choosing  the  center  X'  above  and 
below  tlie  hue  UX\ 

S.  Note  tlie  effect  of  sliding  the  eccentric  in  guides  so  that 
the  center  of  the  eccentric  moves  in  a  vertical  line  through  A. 


REVOLUTION  CONTROL. 


S43 


9.  Note  the  position  of  the  point  X'  in  the  diagram  and  on 
the  fly-wheel, 

10,  Note  the  effect  of  interchan^tig  the   position  of  the 
fixed  and  moving  |)ivots. 

The  general  effect  of  increasing  the  angular  advance  and  de- 
ing  the  throw  of  the  eccentric  is  to  hasten  all  events,  vi^,. 
steam  opening  and  cJosing,  exliaust  opening  anil  closings  and  to 
decrease  the  maximum  port-opening  very  materially.     In  liigh- 
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FiQ,  180, 
speed  engines  cutting  off  at  i^  or  |  stroke  this  port-opening  re- 

quires  the  ime  of  360,0(Ky'  for  the  factor  F  in  the  formula  a=*-^^ 

t 

(see  pagp  1091    The  effect  on  the  lead  varies  with  the  position  and 

distance  of  the  center  -Y'  from  the  point  A. 

The  Bilgram  diagram  may  be  equally  well  usetl  for  the  deter- 
mination of  the  effects  of  swinging  the  eccentric  center  through  an 
arc.  The  center  -Y'  of  the  arc  CCC^'  is,  in  this  case,  at  right 
angles  to  its  true  position  in  the  engine.     (See  Fig,  178.) 

Shaft-governors. — As  in  the  pendulum  type  of  governor,  there 
is  my  action  iii  tlie  fly-wlieel  type  of  governor  except  with  non- 
uniform rotation.    M  long  as  t'  ^,  la  revolving  uniformly  the 
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eentrifugftl  sticaflos  are  balaneed  by  the  pu!I  of  a  ^riug  erf  smui 
deBcriptioiiy  and  thore  is  almost  eomplete  static  equiltbriuni*  m^ 
there  is  no  motion  of  the  parts  relative  t»  one  aootber.  Wiih  ih- 
alif^test  change  in  i^ieed  not  only  is  tliare  an  gnhalagrtang  oi  tlii 
centrifugal  or  radial  forces,  but  new  foiecs  pmdEiciii^  tangesstiii 
acceleration  and  apgular  acoekration  niay  be  bnaui^t  inld 
existence. 

In  Fig.  180,  if  cEsc  1,  representii^  a  Sy-wheri,  rotate  in  ihc 
cfirertion  of  the  arrow,  beipg  driven  bom  a  dlmft,  center  at  O,  thr 
wrif^t  IT.  center  at  C,  exerts  a  radial  or  lUiftigal  sttvn  aM| 
Oir  that  is  resisted  by  the  pull  of  tiies|iri^-  If  tbe^cediiiereatfis 
the  nufius  OW  increases  until  flie  poD  on  the  s^^^^ed  spnig 
equals  the  centrifugal  force  of  IT  vritli  its  incnsased  ra<fitts.  Tbe 
mopement  of  IT  outwanily  or  inwsrdly  is  utifiBed,  bgr  appropmU' 
lerer-anns  not  shown,  to  move  the  aijjngtahlr  eecoitzics  ahead? 
dcanibcd  (Kg.  1T6\  ||^ 

Suppose  the  vneight  IT  were  centaed  mm  2,  Xo  mtnA  fa<G&l 
motion  is  pcksaihle,  since  the  arm  OIT  is  noi  n  ^^vwg.  But  auppfir 
tfiati&r  2  is  suiiinly  stopped.  Thewggfat  IT  t^aog  pivglcd  at  0 
is  unimpeHkM  ami  will  ci^ntinue  its  motion.  To  step  it  m  tamirn 
tkil  fv^roe'  n^ust  he  exorteii  in  a  ^iirwQon  of^posite  to  its  motioii  ina 
t3no^r.::Al  ^i:>v»:ioTi. 

In  1,  s>i  i.-r^  s5  irr  :>  pt-rTvn  ncular  to  OIT.  all  tapgential 
;?:rt'ns5  is  ;,^kon  by  :ho  :xr.  T.  iiii  ::.- :::n.  Jue  to  tangential  stress 
,:.*.'\i\  i:i  i:v.:xv?5is:K,;'  bu:  ::*  :r.-.^  v'^:r.:r::.;i:sl  forre  tiirows  the  wei^t 
W"  5:,^  Ti^-^:  :hi'  Art.,  ^^r  :<  :->;  :.  rj^^r  :yrpeo-iinilar  to  OIT,  as  in 
*^  *:■:,;  i,  :ho  r;o::.^::  t^:"  *:v  .::;•:  T.-^  i  .vcubtiaticai  of  the  eentrifiigal 

i>.c  :Ar*ci-r.::,sl  t.^r.v  -ckv  ;-::::•-  -.r-.r^-^si^*  ."c  viecrease  the  eentrif- 
;«s*  :\n:vv  Iv,  .n  :'.;^  x^-xcr.:  v.T^xvif^  :h:  revest,  but  in 4  tiie pivot 
jvww^;'*  :h;^xxv;c^.:  ;;t:-.v  ^^^.n'  ::.:•  ,' 5ir  :r  t^&Hi  case  is  revolving 
x^Vvkx^-tTJi!^  :',o  o:l;v:s  ,  f  :h:"^  TAr^r.::^*/  f.r^f  ar^  oppMte,  If  the 
s:\N\x  ^^f  .^  :^  ;^x  >t3W*^i.  the  ::r>rtr:i*  ..:  :>-'  iretiit  iwkdoces  a  force, 
*  1  X  r, ;  ':o  .&  w)ttc{^  :^r>  7>  : .  i^rr^si?  the  ra<fiiis  OIT: 

x*-:nv\\n,s  .:  :he  m  ti^  :Ar:i^•r.rakI  ::cw  ibeo  tenuis  to 

xiN  >0A^^  t'^W*  llw'  tarsc^rriakl  vrw':  has  aide^i  the 

<vr.:r-.:,^  lij^  f.^vtrn.ir  racre  senative. 
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W 
The  amount  of  this  tangential  force  is  equal  to  — Xthe  tan- 

ential  aceeleratioii,  and  its  moment  is  equal  to  the  product  of  the 
above  force  and  its  lever-arm  CA.  Theoretical  calculations  give 
on  approximation  to  required  quantities,  but  the  final  results  are 
ubtairie<l  only  by  setting  the  engine  up  and  running  it  at  speed  and 
varying  the  tension  of  the  i^prings  by  trial. 

Angular  Acceleration.^Another  method  of  using  tangential 
force  is  shown  in  5.  Suppost^  two  weigh  ta  are  connected  by  ii  Imr 
pivoted  in  the  njiddle  to  a  fixed  or  component  part  of  the  fly- wheel. 
If  the  latter  slows  down,  the  inertia  of  the  revolving  weights  causes 
them  to  set  up  a  rotation  around  the  pivot  C  in  the  direction  of  the 
arrows.  On  the  other  hand,  an  increase  of  velocity  of  rotation  of  the 
fly-wheel  m\\  cause  rotation  in  the  opposite  direction.  The  rotation 
around  the  pivot  C  is  said  to  be  caused  by  "angular  inertia/* 

Springs. — If  to  the  above  forces  we  adti  the  force  of  gi'avitation^ 
we  have  the  princijial  forces  that  are  opposed  in  fly-w^heel  gover* 
nors  by  either  leaf  springs,  as  shown  in  Fig.  176,  or  helical  springs, 
as  shown  in  Fig,  18L  Tlie  strength  of  helical  springs  depends 
upon  a  number  of  variables^  among  which  are  the  modulus  of 
elasticity  of  the  wire,  diameter  of  the  wirei  tJie  helical  angle^ 
number  and  radius  of  the  coils. 

The  springs  may  be  wound  so  that  their  resistance  is  exactly 
proportional  to  the  stretch  or  to  some  increasing  ratio.  As  in  the 
pentlulum  type,  the  centrifugal  force  increases  directly  with  the 
ratlius  of  the  circle  described  l>y  the  center  of  graA^ty  of  the  fly- 
weight.^, and  if  the  stress  in  the  spring  increases  exactly  in  the 
same  proportion,  the  fly- weight  mil  oscillate  from  its  innermost 
to  its  outermost  positions.  It  is  then  truly  isochronal  and  saper- 
sensitive  and  therefore  useless. 

The  tension  of  the  spring  must  increase  slightly  faster  than  its 
rate  of  elongation^  more  especially  since,  with  a  variation  from 
uniform  vek>cityj  other  forces  are  brought  into  play  and  must  be 
counteracted.  On  the  other  hand,  the  variable  friction  of  the 
valve  and  its  stem,  the  friction  of  all  the  joints  of  the  governor 
mechanism  and  the  difference  between  the  friction  of  rest  and  the 
friction  of  motion  must  be  considered* 

In  Fig*  ISl  is  shown  the  governor  of  the  American  Ball-engine. 
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In  tilis  deogD  are  used  two  lavoted  pvta^  both  of  wid^ 
inertUL  Tlie  amalkr  bar  bfavoted  wholly  with  icgud 
location  of  the  pivot  for  eentrif ugal  force,  and  is  eontaolfed  faj  te 
hdp  of  the  qving.  The  hrger  bar  is  located  ao  tlint  its  oenteref 
pavity  practieally  coincides  with  tiie  center  of  the  aliafi,  and  *ii 
pivoted  at  the  most  desirable  point  for  delenniniqg  the  path  of 
moticm  of  tiie  valve  actuatipg  pin."  The  parts  are  ao  anaqged 
that  a  complete  gravity  balance  exists  in  every  pooitaon  of  the 
wheeL  "In  many  cases  the  total  departure  from  noimal  flpeed, 
with  the  whole  load  thrown  on  or  off  suddnly  or  gradually,  does 
not  exceed  the  qjace  betweoi  two  anns  of  the  wheel,  or  one^ztfc 
of  a  revolution,  which  at  300  revolutions  per  minnte  is  l/18of  1%." 

Inertia  Govenor. — ^The  inertia  goveraor  deHJened  by  F.  IL 
Bites  b  used  on  the  engines  manufactured  by  ofver  one  hundred 
firms.  OriginallT  designed  for  high-speed  fngjnw%  it  is  now  nssd 
on  medium-speed  four-valve  engines  and  is  displacing  tlie  levultiug 
pendulum  governor  of  the  Coriiss  type. 

A  hoUow.  fiattened,  dumb^iefl^slnped  bar  or  wng^  (PSgB-  2U» 
213 '  is  fsstenetl  on  one  end  of  a  spindle,  s.  that  may  oscillate 
th7v>ugfa  a  snail  angle  in  a  bearing  in  the  hub  of  the  fly-wheel. 
M  sn  eccemnc,  £,  is  use»i  \\  is  nxtvl  lo  ihe  oiher  end  of  thespindk. 
Thr  ;xif:::cr.  ::  :hr  L^::ir  ::.j:s:  V»e  >jch  iha:  ihe  loud  allowekl 
rrTAVJ.r.  ::*  :hv  wtiirh:  cr  l^ar  :rjr..  ::>  ivistion  when  the  engine 
:>  a:  rv^:  ^^ill  sr.::"'  *r.-  iv:vr.:rl."  :r:r:.  ::s  rK"»s:ion  of  maximum 
:hr-Tr  5:  A  :o  :h.s:  .:  r-i:±:.ur..  :hr:w  =>:tAa>liipi  at  B.  In- 
s:esi  ■  ::  at.  tx-;vr.:r:':-  -^~'':.  ::.<  :■::.>> :vrs»:'lv  vtddn,  inertia,  &&i 
:ri  •:  r:  st.  -•  -^r.:r::  yir.  ;>  us:- '  ::.  ::-icy  :t^5ai3is.  XevesBahhr 
:h.>  :..u>:  :••-  SkU    vrr.v.:.i:  ; ::..  f*:  ':.>.:  :>  r>.  r.iiT  e-iear  ihe  ^laft. 

T::f  ir^.--  ::  r::,^":  :.  ::.  "i.e  ^''  7-  ::  Tht-  wficJiT  arDmi'l 
:hf  Axi5  ::  :i-:  >y::-' -  ::.r:.*i::.  ::.:  .s..:::?.  :>:  eesitrinscal  ani 
iiit-rii  ::T-::f  :f  r/v^  —  t*.  :y  :':.',  i..::::.  x  :hv  sqirinc  r.  The 
:--r.^  :.  :-:  'h.f  >vr.:j:  :\**-v  >  r^e..*:.::*.   ""  :.  i.u:  ii  r\  and  ihe 
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^t  of  the  weight  due  to  its  inertia,  consider  it  as  two  weights 
concentrated  at  Gj  and  (?2»    H  the  engine  slows  down,  these  tend 
to  sport  ahead,  rotatmg  the  spindJe  and  therefore  the  eccentric  in 
the  direction  reqiured  to  give  increased  traveJ  to  the  valve.     The 
diminished  centrifugal  force  of  the  weight  consideral  as  a  single 
lass  concentrated  at  G  tends  to  produce  a  similar  motion  of  the  ec- 
Ventric,    If  the  engine  speeds  up,  the  opposite  effects  are  prociuced* 
Hence  we  may  say  that  in  al)  cases  the  centrifugal  and  inertia 
forces  act  together  in  increasing  or  decreasing  the  engine  speed- 
As  the  force  of  inertia  acts  only  at  change  of  speed,  when 
^running  at  theoretical  constant  speai  tlie  forces  acting  on  the 
governor  umy  be  groupetl  under  four  heads; 
1-  Centrifugal  force. 
^L  2,  Tension  of  the  spring, 

^^^  3.  Gravity. 

^I^K         4,  Force  exerted  through  the  valve-rod. 

Constant  speed  would  only  be  possible  if  the  sum  of  the  mmnents 
of  these  forces  around  the  valve-spindle  was  zero  at  all  parts  of  a 
revolution     A  more  exact  analysis  will  be  given  later, 

Prtictiml  Hints, — If  an  engine  nms  unsteady,  ascertain  if  it 
ever  ran  sjitisfactorily  or  if  the  unsteady  running  occurred  after 
making  repairs,  overhauling,  cleaning,  or  setting  up  any  part 
of  the  engine,  such  as  the  packings  journals,  dash-pot,  springs,  etc. 
Examine  the  steam-valve  for  leakage  or  umlue  pressure^  the  steam- 
piston  for  undue  leakage  or  tightness,  the  governor  for  misplaced 
weights  or  undue  friction. 

By  means  of  a  brake  or  a  water-rheostAt  run  the  enguie  at 
one-third  of  its  ratetl  loatL     If  the  engine  speed  is  steady  but 

Ptoo  low,  tighten  the  spring.     If  the  spring  has  alrejidy  been  set 
|Up  to  the  limit,  remove  any  attached  weight  from  the  short  end 
bf  the  bar  Gj,  or  cut  out  one  or  two  coils  from  the  spring. 
In  making  any  alterations  in  the  governor  the  following  general 
iprinciples  must  be  kept  in  mind : 

^H  Any  altemtion  that  increases  the  mass  at  Gi  or  increases  its 
radius  tends  to  increase  its  centrifugal  force  ami  tends  to  slow  the 
engine  dow^n.  The  same  results  follow  from  weakening  the  spring 
or  decreasing  its  arm. 

It  is  evident  that  fine  adjustments  are  possible  by  changes 
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whose  effects  partiaUy  offset  one  another.  The  bert  lesnltB  it 
steadiness  are  obtained  ^en  the  no-4oad  speed  is  about  2% 
higher  than  the  full-load  speed.  ThercfOTe  the  teoflMm  of  the  flpriBg 
must  mcrease  a  trifle  more  rapidly  than  the  increase  in  the  ce 
trifugal  force  of  the  mass  due  soldy  to  its  increase  <rf  ladim, 
Le.9  at  c<m8tant  speed. 

If  at  change  of  load  the  govetnor  eadiibita  the  phcnonicnoa 
calleil  hunting,  try  the  ^eet  of  adding  a  smaD  weq^t  to  the  kmer 
weight  G^  if  thcfe  is  no  trouble  due  to  eardeaaiess,  snch  as  stick- 
ing at  the  pin  frcHn  dirt  or  scoring.  Hammmpg  at  the  stops 
on  starting  ami  stoi^iing  may  c»dinaiily  be  avoided  by  either 
incraiding  or  decreasing  the  attached  wei^ts  either  nt  the  spnag 
md  or  at  both  ciKb.* 

In  order  to  operate  sutcessf ully  the  modem  hi^Fspeed  siiaffk- 
IBOveme^l  valve  it  is  neceaaanr  lo  reduce  the  fincliQci  of  tlie  ^vahf 
and  its  stem  to  a  smaU  and  constant  quantitT.  The  vork  of  fioc 
tion  is  n?\hicc%i  by— 

1.  Removing  the  pressure  from  the  rahe. 
3.  Diminishing  its  travel. 

The  dr^t  is  accontpli^evi  by  bahocinir  the  vnlre  or  wmag  sriT 
baLircTx:  vjklves.  Th^:*  a-:iI\'v  i<  hklair^'ei:  by  vorfcin;  it  betveen 
rArtil.t !  <k*-:iro:  : !:i:t<  F:^.  l!v>  .  ^  -'rji:  ie  steam  does  not  get 
:o  :*::;*  'a^/n  :  :!  -:  ^:^-vv  Iv  :  >:  :>vjl1  -:>  F:x- 1>2  the  pressure 
vv..;*  :;  :.  ,•  >:ca:-    :>  Vo.lc  :-;••.  l::ivui  *j.-  :rj: i.c  of  the  patfidn^c 

V*v  :•-:^^^'  ;•*  '  ;  ^:^^v  :>  v/.i.fr:-:  "rj  ±^  use  ^^i  •i?<ibJe 
;vr"<  .T  >>  ■:>:  .  >«;  .  "  > -\  .•-  ';--s^r>  i"  "i*?  ttiItw.  Li  the 
A  •"   ;~  '*•■•  V  \'<^-:     :\;    ".v-    -    -  <":-.i-    ^r *-rr?  tiie  sryi&tier  r.ot 


352        TBS  STEAM-ENQINS  AND  OTEER  HEAT-MOTOBB. 

length  of  ecoentrie  or  swinging  aim,  14  in.;  its  center  ib  on  the  fined 
centers  of  shaft  and  crank-pin  when  the  latter  is  on  a  dead-center. 

Ex.  121.  Width  of  port,  1|  in.;  length,  8  in.;  V'Y^W 
300  revolutions;  steam-lap,  1  in.;  exhaust-lap,  S/16  in.;  throw  of 
eccentric  varies  from  lf|  to  1  in.;  length  of  swinging  arm,  6}  in.,  and 
its  center  is  5/8  in.  below  the  line  of  centers  of  the  shaft  and  crankpn 
when  the  latter  is  on  its  dead'Hsenter. 

Ex.  122.  What  change  would  be  made  if  the  valve  took  steam  oe 
its  inside  edges  instead  of  the  outside? 

Ex.  123.  What  changes  would  be  made  if  the  eooentrie  drove  tla 
valve  through  a  reverse-lever? 

Ex.  124.  Couki  this  reverse-lever  be  designed  to  give  equality  of 
cut-off  and  equal  lead  at  the  important  point  of  cut-off  with  equal 
steam-laps? 

Link  Motion. — The  Stephenson  link  is  in  common  use. in  thia 
country  and  in  Enghmd,  whilst  on  the  CSontinent  the  Gooch  link  ii 
preferred.    The  former  will  be  the  only  one  described  (Fig.  184). 

The  Stephenson  link  is  most  gen^tdly  used  on  locomotives  and 
marine  engines,  as  it  ^ves  not  only  a  ccmvenient  means  of  revermg 
or  numbig  the  engine  backwards,  but  also  affords,  when  carefully 
desigiieii,  a  fairly  efficient  means  of  economising  steam  by  affonfing 
a  variable  cut-i>ff  (Fig.  185). 

This  link  consists  in  a  going-ahead  and  a  backing  eccentric  with 
tlioir  roils  anil  a  link.  The  eccentrics  as  a  rule  have  equal  throws 
anil  are  placed  at  equal  angles  ahead  and  behind  the  crank.  The 
iH'oentrii'-roils  are  attached  by  link-pins,  P,  P',  to  the  link  either 
at  or  near  its  ends.  The  length  of  a  rod  is  the  distance  from  the 
center  of  its  Unk-jnn  to  the  center  of  its  (H*centric.  When  the  link 
is  in  full  gear,  either  ahead  or  kicking,  the  valve  recdves  its  motion 
from  one  ivcentric  only.  As  the  link  is  sliifted  from  that  position 
to  those  nearer  niiilgi^ir,  it  rei»eives  less  motion  from  that  eccentric 
ami  more  from  the  lUher  one.  At  miilgear  it  is  affected  equally 
by  the  ivcenirics.  .\s  the  gear  is  sliifted  towards  the  other  full 
gear,  the  influence  of  the  tirst  ivcentric  becomes  less  and  less  and 
that  of  the  second  greater.  It  will  Ix^  sho\Mi  that  the  effects  od 
steam  distribution  c:uist\l  by  the  change  of  -^  «i  produced 

by  this  movement  of  the  hnk  are  tlj  need  bya 

swinging  ivcentric. 
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On  locomotives,  owing  to  the  relative  positions  of  the  valve 
(above  the  cylinder  and  outside  the  driving-wheels)  and  the  eccen- 
trics (on  the  driving-axle  and  inside  the  driving-wheels)  a  rocker 
BTA  is  necessary  (Rg.  185).  To  prevent  the  reversal  of  the 
valve  motion  the  eccentrics  must  follow  the  crank.  Hence,  if  the 
crank  is  at  0  the  center  of  the  go-ahead  eccentric  is  at  E^  and  the 
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Fio.  184. — Marine  Engine. 

center  of  the  backing  eccentric  is  at  E\  The  link-pins  Pand  P'  are 
behind  the  link;  the  saddle-plate  mo  is  dished  to  pass  over  the 
link-block,  B,  when  the  link  is  raised  to  bring  the  eccentric,  E'^ 
into  full  gear.  The  link  is  suspended  on  one  side  by  the  hanger 
nrwo  from  the  bell-crank  RSn  keyed  to  the  reverse-shaft  S.  The 
reach-rod,  attached  to  SR  at  /2,  is  actuated  from  a  reversing  lever 
in  the  cab.    The  link  shown  is  a  slo^  link. 

A  lighter  and  better  construction  is  shown  in  Fig.  186.    In  thi  ^ 
case  the  link  receives  and  delivers  centrally  the  stress  due  to  driving 
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Fio.  185.— vStephenson  Link.     (From  Peabody's  "Valvei(6ftn.*0 


356        THE  steam-engine  AND  OTHER  HEAT-MOTORS, 

the  valve.  In  other  words,  the  axis  of  stresses  in  the  valve-sten 
and  in  the  eccentric-rods  coincides  with  the  axes  of  those  rods. 
The  figure  also  illustrates  another  form  of  link  called  the  side-bar 
link.  The  position  of  the  link-block  is  adjustable  to  vary  the  cut- 
off by  means  of  the  screw  M  actuating  the  bridle  NP,  This  is 
often  desirable  in  regulating  the  distribution  of  power  between  the 
cylinders  of  compound  and  triple-expansion  engines.  By  rotating 
the  reverse-shaft,  aS,  however,  the  link  may  be  thrown  over  or 
reversed  independently  of  the  position  of  the  screw  AT. 

To  shift  the  link  there  are  required  (Fig.  185)  a  reverse-shaft, 
S;  a  bell-crank,  RSn;  and  a  suspension-rod,  nmo  (also  called  a 
hanger  or  bridle),  attached  to  the  saddle-pin,  m^.  The  motion  of 
any  theoretical  point  on  the  theoretical  link  arc  (shown  dotted)  is 
due  to  the  motion  received  from  the  two  eccentrics  and  from  the 
connection  of  the  link  to  the  suspension-rod,  or  hanger.  The  curve 
made  by  any  such  point  is  generally  some  irregular  form  of  the 
figure  8,  the  loops  differing  in  shape  and  size.  To  provide  for 
this  motion  a  link-block  carrying  a  pivot  pin  B  is  used.  We  must 
distinguish,  then,  between  a  point  on  the  theoretical  link  arc  and  a 
point  on  the  axis  of  the  pivot-pin  of  the  block,  which  coincide 
exactly  in  position  only  at  the  time  the  crossing-point  of  the  loops 
of  the  figure  8  is  made.  At  other  times  the  link-arc  point  has 
slipped  by  the  point  in  the  block  by  the  half-breadth  of  the  loop. 
This  motion  of  the  link  relative  to  the  link-block  is  called  the 
slipping  or  slotting  of  the  block.  In  Fig.  186  the  link-block  point 
must  move  only  in  a  straight  line,  since  the  block  is  directly  con- 
nected to  the  valve-stem;  in  Fig.  185  the  link-block  pin  moves  in 
the  arc  of  a  circle  about  T  with  a  radius  BT.  A  pivot  connection 
is  necessary  in  each  case,  on  account  of  the  sUght  rotation  of  the 
block  about  its  axis. 

Open  and  Crossed  Rods. — It  is  necessary  to  distinguish  between 
open  and  crossed  rods.  This  is  not  so  simple  as  it  appears,  since  in 
what  is  called  open-rod  construction  the  rods  become  crossed 
during  a  revolution  and  then  open  again.  Similarly  the  crossing 
apparently  disappears  in  crossed-rod  construction.  In  taking  an 
engine  apart,  care  must  be  taken,  on  reassembling  the  parts,  not  to 
convert  a  crossed-rod  construction  into  an  open-rod  construction, 
or  vice  versa,  as  the  steam  distribution  will  be  so  altered  that  the 
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en^ne  will  not  turn  over.  This  mistake  is  frequently  made  in 
overhauling  steam-launch  engines. 

To  decide  whether  eccentric-rods  are  crossed  or  open,  we  must 
first  determine  whether  the  connection  is  direct  or  indirect.  In 
direct  connection  the  link-block  must  drive  the  valve-stem  directly 
and  the  steam  must  be  controlled  by  the  outside  edges  of  the 
valve. 

In  indirect  connection  the  valve  is  either  driven  by  a  rocker 
or  the  link-block  drives  the  valve-stem  directly,  but  the  steam 
is  controlled  by  the  inside  lap  of  the  valve. 

For  direct  connection  (Figs.  187  and  188)  put  the  crank  on  the 
dead-center  away  from  the  link,    ll  the  rods  are  open,  the  open- 
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rod  construction  is  used.    If  the  rods  are  crossed,  crossed  con- 
struction is  used. 

For  indirect  connection  put  the  crank  on  the  dead-center 
toward  the  link.  In  open-rod  construction  the  rods  will  be  open, 
and  they  will  be  crossed  in  a  crossed-rod  construction.  By  re- 
volving the  crank  through  180^,  the  diagrams  will  show  that  open 
rods  become  apparently  crossed  and  vice  versa. 

Considerations  Affecting  the  Design  of  a  Link-motion. — The 
design  will  vary  in  accordance  with  the  importance  of  the  following 
considerations : 

1.  The  link-motion  is  to  be  used  practically  only  for  revers- 
ing, as  in  marine  engines. 
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2.  Hie  fink-motioii  is  not  ooljr  to  be  and  for  ] 
gp  viog  a  variable  cutKiff,  Imt  is  to  be  mach  used  at  an  j 
cut-off. 

3.  ThefinkHDootioDistobeusBdaafpeqiientfyiBtiiebaeldiiK 
aa  in  the  go-ahead  poMtion,  aa  in  hnJatfup-^ngjiwa^  sntah* 
CDgineB. 

4.  Th^  importanee  of  ledudnK  dp  at  an  important  point 
of  cut-off. 

5.  The  importance  <tf  havipg  equal  cut-off  on  both  stndDK 
at  the  important  point  of  cutroff.  Any  ineqaafitj  at  dioit 
cut-off  affects  the  regularity  of  rototioa  more  at  short  than  at 
long  cut-off,  as  the  percentage  ci  power  diffe 

6.  The  available  places  of  locating  the  \ 

7.  The  importance  of  reducing  or  increanqg  lead  aa  die  ink 
is  diifted  towar«ls  midgear. 

The  quantities  affecting  these  conadoations  are: 

1.  The  position  of  the  axis  of  the  i 

2.  ''         ''       ''    "  reversMhaft. 

3.  "   length  of  the  hanger,  eccoitrie-nxli^  i 

4.  ' '    use  of  c  russet!  or  open  rods. 

5.  \Miether  or  not  nx-ker-amis  are  used. 

Whil-t  it  may  h»e  easy  im  ilt-sign  a  link-motion  that  will  work, 
iiiUf  h  f-arf-  an-l  skill  is  r»  ^iiiirr-l  in  obtaining  the  best  possible  solu- 
tion. In  l<K*'«:iiotivr  w.-rks  n«'t  ^nly  are  full-:azcd  drawings  made, 
hut  fulJ->iz*-'l  rnoclel<  art-  frojiif-nily  t:soI  in  the  endeavor  to  obtain 
ihf'  \}f:<\  'It'sipi.  In  n.arino  w.-rk  the  problem  is  ampler,  but  in 
liiany  r*ase>  that  whirh  i-  •itsiraMo cannot  be  obtained  on  account 
of  th^  iiiTernTen^*»*  «'f  "?i.fr  pra«'ii'\tl  »;<»nsMera lions. 

The  Position  of  the  Saddle-pin.— Thr  position  of  the  saddle-pin 
is  g'ri»  rally  •iettrnjnt-i  with  rt-ftTonr*-  t««  the  usual  position  of  the 
link-l'l*'ck  tn  prevent  ex  •♦■^s^v  s!.iitinir«»i'  'he  l>lot*kat  that  |x>silion. 
Tlie  sai'ile  may  l>e  j  lac.vl  ••:.  the  i:-  -ah'-;  ».l  end  of  the  link.  The 
J  xi-  f*i  the  sii  MU'-iiii  will  iie:i  i  e  in  .  jiru'oninition  of  the  axis  irf 
th  •  lir.k-block  when  'lie  link  is  in  r:Il-iH'ar  aheail  |)osition.  This 
oo:*  ru  tion  is  rs*-';  in  lini-.s  «.f  eni:^^.♦"^  "f  certain  tjpes  of  vorsrl?. 
It  niay  CijinciWe  \\ith  the  axis  i»f  the  link-l»lock  when  the  latter  is  at 
the  imp^jrtant  p<»int  oi  cut-i  iff.  a>  in  p  ssongi  r-tMigines.  The  center 
of  the  saddle-pin  niay  bo  on  the  center  of  the  link  art  or  before  or 
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Jiincl  that  position  in  engines  that  run  much  in  both  directions* 
Off  letting  the  satldle-pin  to  eqimli^e  cut-olT  ie  neces.sary  when 
the  link-pins  are  beliind  the  link-arc.  A  finite  connecting-rod 
tends  to  reduce  the  offset  as  the  latter  increases  with  the  length  of 
the  conne{^ting-rr)il. 

Position  of  the  Reverse-shaft-— This  shaft  must  be  well  sup- 
porteci,  and  as  a  rule  practical  considerations  bring  it  too  close  to 
the  link*    Snial]  variations  of  position  do  not  affect  results  greatly. 

Length  of  Rods. — In  general,  long  arms  tend  to  reduce  inequali- 
ties and  short  arms  to  increase  them.  Advantage  nmy  be  taken 
of  tills  fact  and  inequalities  may,  in  stjme  cases,  be  made  to  offj^et 
each  other* 

Open  or  Crossed  Rods*— If  the  open-rod  construction  is  used, 
the  lead  will  increase  as  the  Unk  is  shifted  from  full  to  mid  gear; 
with  crossed  rods  the  leatl  will  decrease.  Tlie  length  of  an  e«*cen- 
trie-rod  should  be  at  least  twelve  times  the  throw  of  the  eccentric* 

Link-arc— The  length  of  the  link-arc  should  be  at  least  four 
times  the  throw  of  the  eccentric.  The  radius  of  the  arc  is 
equal  to  the  length  of  the  eccentric-rod  if  its  link*pin  is  on  the 
link-arc.  If  the  center  of  the  link-pin  is  behind  the  link-arc^  then 
the  radius  of  the  arc  exceeds  the  eecentric-rod  in  length  by  the 
distance  that  the  link-pin  center  is  from  the  link -arc  measured 
along  the  eccentric-rod.  Tlie  lengtli  of  the  link-ar^.!  radius  juat 
given  wiU  give  equal  lead  on  both  strokes  if  the  valve  has  equal 
laps.  If  unequal  lap:^  are  given,  so  that  the  cut-off  on  the  two 
strokes  may  be  equal  or  nearly  so,  then,  of  course,  ttie  leads  will 
be  unequal.  A  somewhat  greater  or  less  length  may  be  used,  but 
it  will  cause  the  leads  to  be  unequal,  ami  too  large  variation  is  not 
advisable  unless  the  effect  is  worked  out  on  a  diagram. 

Equivalent  Eccentric^  Open  Rods  (Fig.  I89),^Suppo9e  the 
link  in  its  midposition  to  the  right  of  the  figure,  the  crank  on  the 
left  center,  the  liirection  of  rotation  to  bet  as  shown,  OC  and  OD 
the  positions  and  tlii*ow  of  the  eccentrics.  With  a  ratlins  ecjual  to 
the  length  of  the  ecccntric^rod,  viz.,  from  the  center  of  the  eccentric 
to  the  center  of  its  hnk-pin,  and  with  the  centers  of  the  link-pins 
as  centers,  describe  arcs  cutting  AB  at  c.  Then  with  a  center  on 
BA  (producer I)  describe  an  arc  through  C,  c,  and  D.  Divide  that 
portion  of  the  link-arc  travelled  by  the  link*block  into  any  number 
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of  equal  parts,  and  also  divide  the  arc  CD  into  the  aame  numbc 
parts.  Then  if  8  be  the  number  of  parts  soehdBen,  and  if  die 
is  moved  1/8  of  the  link-arc  from  full  gear  aliead,  the  motioi 


feo.  im 

the  valve  will  be  that  due  to  an  eccentric  wfaoas  tbiow  is  0 
and  whose  angular  advance  is  lOtf'^,  where  Ctf^^  is  1/8  of  CcD. 
If  the  rods  are  crossed  the  construction  is  practically  the  su 
but  the  curvature  of  the  arc  CcD  is  reversed  as  in  Fig.  190. 


FiQ.  190. 

Ex.  125.  Design  a  Stephenson  link  for  a  tug  of  a  vertical  engi 
boiler-pressure,  KK)  pounds;  cut-off,  3/4  stroke;  jet  condenser, ! 
vacuum;  125  revolutions;  lead,  1/16";  maximum  port-opening,  3/ 
C()nnectinp;-rod  =  5  cranks.  Assume  position  of  reverse-shaft  i 
other  required  data. 

Buckeye  Engine.— Fig^  191  is  a  cross-section  of  a  tand 
coni|)oun  1  engine  of  the  Buckeye  type.  The  vaJve  mechani 
is  composed  of  a  main  and  a  cut-off  valve,  the  latter  controU 
ports  in  the  main  valve.  Both  valves  are  of  the  piston  type 
which  steam  is  admitted  in  the  central  part,  and  exhaust  ta 


^*USI;C  1.' 


REVOLUTION  CONTROL.  363 

place  at  the  ends.  Admission  of  steam  is  practically  controlled 
by  the  cut-off  valve,  while  exhaust  is  controlled  by  the  main 
valve  alone.  The  main  valve-stem  is  hollow  and  the  cut-off 
valve-stem  works  through  the  main  valve-stem. 

Fig.  192  illustrates  the  valve-gear  diagrammatically.  Let  OB 
represent  the  crank  rotating  anticlockwise,  c"  be  the  cut-off  valve 
riding  on  the  top  of  the  main  valve  m".  In  the  position  shown, 
the  live  steam  is  passing  through  ports  a  and  b  into  the  cylinder 
and  the  exhaust  through  the  port  V  is  about  to  be  closed  by 
the  end  of  the  main  valve.  The  angular  advance  is  negative, 
since  the  exhaust  is  on  the  outside  of  the  main  valve.  Therefore 
the  main  eccentric  is  found  at  some  point  M  and  the  cut-off  at 
some  point  C. 

By  an  ingenious  system  of  levers  the  cut-off  valve  receives  not 
only  the  motion  due  to  its  own  eccentric,  but  also,  that  due  to  the 
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Fig.  192. 

main  eccentric.  Hence  the  motion  of  the  cut-off  valve  relative  to 
the  main  valve  is  due  to  the  cut-off  eccentric  alone.  This  motion 
is  similar  to  that  of  a  man  walking  in  a  moving  car.  The  motion 
of  the  man  relative  to  the  ground  is  the  resultant  of  his  own  and 
the  car's  motion;  relative  to  the  car  his  motion  is  due  to  his  own 
movements  alone,  and  the  car  may  be  considered  stationary. 

The  main  valve  receives  its  motion  directly  through  the  eccen 
trie-rod  Mm'  and  valve-stem  m'w!\  At  m',  however,  it  drives  also 
a  lever  pivoted  at  p.  This  lever  carries  another  lever  that  pivots 
at  /.  The  cut-off  eccentric  C  by  its  eccentric-rod  Cc  drives  this 
second  lever  at  c.  Suppose  the  cut-off  eccentric  stationary,  then 
d  and  m'  would  have  the  same  motion,  since  the  point  d  would 
have  twice  the  motion  of  the  pivot  /  about  the  pivot-point  c  (sta- 
tionary temporarily).  Any  movement  of  c  will  be  given  to  d 
unchanged  in  amount,  but  reversed  in  direction. 

If  the  cut-off  valve  is  put  in  its  midposition  in  Fig.  192,  it  will 
be  found  to  have  a  negative  lap  equal  to  about  half  the  port-open- 
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ing,  a.  To  vary  the  point  of  cut-off  the  position  of  the  cut-off 
eccentric  center  is  rotated  (the  radius,  OC,  being  unchanged) 
about  0.    Its  three  principal  positions  are  shown  in  Fig.  193. 

Lay  off  the  diagram  for  the  main  valve  as  usual,  BOP  being 
the  angular  advance,  Pe  and  Pi  being  the  exhaust-  and  steam-laps. 
With  a  center  Co  and  a  radius  equal  to  the  negative  lap  of  the  cut- 
off valve  describe  a  circle  tangent  to  0.4.  Draw  any  crank  posi- 
tion 07.  Drop  the  perpendicular  Co8.  Then  from  the  construction 
of  the  Bilgram  diagram  CqS  +Co9  is  the  distance  that  the  cut-off 
valve  must  mf)ve  to  close  the  port  in  the  main  valve,  since  we  may 
consider  the  latter  stationarj'.    At  crank  position  OCo,  the  port  is 
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open,  the  negative  lap,  and  at  OA  the  port  is  doped.  If  the  port  in 
the  main  valve  i«  cIoschI,  it  is  a  matter  of  indifference  whether  the 
port  in  the  cylinder  is  ()|)en  or  closed.  If  the  eccentric  center  is 
rotated  to  Ci,  then  the  cut-off  is  in  crank  position  02.  The  latest 
(I(»sirable  cut-<jff  point  of  the  cut-off  valve  is  03,  or  at  the  point  of 
cut-off  of  the  main  valve. 

The  width  of  the  cut-<jff  blocks  must  be  such  that  the  blocks 
will  not  ovcTFun  the  port  and  open  on  the  back  edge  when  the 
valve  is  set  for  the  shortest  cut-off.  The  greater  the  throw  of  the 
cut-off  eccentric  the  more  rapidly  the  valve  passes  over  the  port 
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in  the  main  valve  and  the  quicker  the  cut-oflf.    But  this  also  in- 
creases the  width  of  the  blocks  and  the  consequent  friction. 

Ex.  126.  Make  a  diagrammatic  sketch  for  a  Buckeye  valve-gear 
and  its  Bilgram  diagram  for  a  20"X36"  engine,  making  125  revolu- 
tions per  minute,  lead  of  the  main  valve,  1/16  in.;  maximum  cut-off, 
.8  stroke;  minimum  cut-off  at  the  beginning  of  the  stroke;  exhaust 
opens  and  closes  at  .9  stroke;  connecting-rod,  9  feet  long;  ports  in 
the  main  valve  2/3  of  those  in  the  cylinder. 

Meyer  Valve  (Fig.  191). — Consists  of  a  main  valve,  (7,  with  ports 
through  the  valve,  and  two  blocks,  DD,  forming  a  cut-off  valve 
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Fio.  194.— Meyer  Valve. 


that  rides  on  the  main  valve.  The  main  valve  governs  the  latest 
point  of  steam  cut-off  and  the  points  of  exhaust  opening  and 
closure.  The  earlier  points  of  cut-off  can  l)e  varied  by  adjusting, 
by  hand,  the  distance  between  the  cut-off  blocks.  Means  are  pro- 
vided for  rotating  the  cut-off  valve-stem  that  fits  with  right  and 
left  threads  of  different  pitches  into  corresponding  nuts  in  the 
blocks.  One  thread  is  necessarily  larger  in  diameter  than  the 
other,  otherwise  it  would  be  impossible  to  put  on  one  of  the  valves. 
To  make  the  valves  cut  off  earlier  they  must  be  separated,  to  cut  off 
later  they  must  be  brought  closer  together.  By  giving  the  main 
valve  unequal  laps  equal  cut-off  may  be  obtained  at  the  maximum 
point  of  cut-off.  By  the  unequal  pitches  of  the  right-  and  left-hand 
screws,  equal  cut-off  may  be  secured  at  two  points,  as,  for  example^ 
the  most  important  point  of  cut-off  and  the  earliest  point  of  cut- 
off. At  all  other  positions  the  cut-off  will  be  unequal.  In  revers- 
ing engines,  the  cut-off  eccentric  is  directly  opposite  the  crank. 
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Ordixutiily  it  has  an  angular  advance  of  75^.  Its  throw  isnotM 
absolute  quantity,  but  is  generally  a  little  larger  than  that  of  Os 
main  valve. 

Corliss  Engine.— In  this  type  there  are  two  steam-aiid  tM 
exhaust-valves  placed  in  separate  chambers,  either  in  the  eySader^ 
heads  or  above  and  below  the  cylinder  at  its  ends.  The  vilra 
oscillate  about  their  axes,  nvfaich  are  at  right  ap^ea  to  that  of  As 
cylinder.  For  proper  drainage  the  exhaust-valves  are  ahiays  fle 
lower  once.  The  Iowa*  or  exhaust  valves  have  an  invuisfab 
motion  which  they  receive  frran  a  wiist^date.  Hie  owrillalin 
mo\Tinent  of  the  latter  about  a  heavy  pivot  symmetrically  phesl 
in  rtfianl  to  the  axes  of  the  four  valves  is  obtained  as  IoHowb.  The 
eccentric^  set  ahead  of  the  crank  a  little  move  than  90  d^grees^ » 
the  \-alw  has  ver}-  little  lap,  drives  a  roekerann,  iriueh,  in  tm, 
dri\-tHii  the  wriftt-plate  BA  (Rg.  195).  Hie  Enkai^  as  BE,  never  dme 
the  \-al\Tsittem  ihrectly,  but  indirectly,  thrm^  a  dKarhahle  medi- 
anisin.  In  the  figure,  the  governor,  of  the  leioli  lug  penrfcihsn  type, 
nknrtii  a  cam  jry  through  the  linkage  A'lfl.  Oa  tte  eatreine  tinov 
to  the  right  of  the  link  BE.  the  forkfTft  is  foned  hj  tike  apjag 
A.«  tv^  oujsigi^  ^th  tho  Mock  shovn  ju^i  mbove  jr.  On  the  stroke 
lo  tho  loft.  tho;iumi  BE  c^irries  this  Mock.  «hi:h  b  rigkilj  attadwd 
to  :V.o  \hI\>^s:o:v..  ^^-ith  ::  ur.ul  the  arm  ^T  of  the  fork  comes  into 
xv:\:ao:  ^^::i'.  :hc  v*^...  This  sr:iu5^<  :h^  fork  to  rotate  anticlock- 
>fc:i^^  ^'i:;;  :.•  \t  ir^  /:  :h:^  Vi.vi  A  vtfvc  wikh  had  been  lifted  in 
a  viwc.<v  :  I  >  :hi*  vrv\:  .;<  v..;u:c  rr:circly  ckjses  the  valve. 

V/  .         ^^"-  .       '  <  -<  ■  — .  •■  •jLr.js::!  ^ix&nja^  is  taken  of 

'^.^  g:-v>    ^^'  i"  '.  "^  .  1  T  •■■"3:c  liar  aa^v  be  proiiuced 

^\   >-  <>^;.--     .^c'  ^*'     ~v-     '     >     --^r^rii?  "±ar  a  valve  shouU 

o.v    '  '        >i   '^.•-    ^     '  '   *  '■*       ■».«••    r  T^cx"  die  morion  should 

>    *v  ^'        -^       v>  >.    -.    <.^    rss^  ■  •    *.?•    '-i-f  TiL'ciea  :^ouId  be  a 

>.      .       >;'  >-::»::!  ^Taiasr-valve  move- 

->-:?      •          >  -  .*     ;.    iiijij?  .f>^  S<i  '*'■  for  the 

-^    ■->                  ■^~>---.r--:  Wil  Mrs? -if  :he  arc  6s&i. 

S      ,-        *     <*  ftttK  aweoienr  of  the 


i 


hi  3 


Fig.  1Q5.— Corliss  Engine.    (From  PeabcKiy's  "  Valv» 
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exhaust-valve  due  to  changes  in  the  relative  position  of  the  links 
Oa,  aidi,  diw  for  movement  of  the  wrist-plate  through  equal  parts 
of  the  arc  aia2. 

An  examination  of  the  automatic  method  of  detaching  the 
steam-valves  will  show  that  it  can  only  operate  through  a  crank 
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movement  of  90  degrees  in  each  stroke,  te.,  while  Th  is  rising. 
We  are  at  lil)erty  to  choose  the  position  of  these  90  degrees  in  a 
semi-revohition  if  (ho  steam-  and  exhaust -valves  are  operatetl  by 
independent  occ(»ntrics.  If,  however,  only  one  eccentric  is  us«l, 
the  necessity  of  having  the  exhaust-valve  open  and  close  at  proper 
points  practically  limits  the  detarhm(*nt  of  the  steam-valve  be- 
tween the  dead-center  and  3/8  stroke  positions  of  the  piston. 
With  double  occc^ntrics  by  giving  the  steam-valve  negative  steam- 
lap  and  its  eccentric  negative  angular  advance  later  points  than 
that  above  given  may  hv  obtained. 

When  the  stroke  is  short  compare<l  with  the  diameter  of  the 
cylinder  the  metho  1  of  e(mn(^tion  illustrated  in  Figs.  195  and  198 
is  used;  if  the  stroke  is  long  compared  with  the  diameter  of  the 
cylinder,  the  form  shown  in  Figs.  190  and  107  may  be  used. 

'^The  following  metho;!  of  s<»tting  the  valves  applies  to  singlo- 
cceentric  (engines  of  the  following  types:  Reynolds,  INvin  City, 
Hamilton,  Murray  Bates.  Cooper,  Monarch  (old),  Harris,  Hanly- 
Tynes,  Lane  and  Bodley,  and  all  others  of  similar  valve  arrange- 
ment . 
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"  First.    Place  wrist-plate  D  in  central  position  as  shown  in 
Fig.  196,  with  both  valves  hooked  on,  so  that  mark  on  wrist-plate 

hub  will  coincide  with  center  mark  on 
stud;  loosen  stud-nut  and  place  a  piece 
of  cardboard  between  washer  and  wrist- 
plate  and  tighten  so  that  wrist-plate  will 
not  move. 

"  Second.  Loosen  lock-nuts  on  shackle- 
rods  and  adjust  valves  until  they  have 
laps  as  found  in  table  (wliich  are  given  in 
parts  of  an  inch  opposite  size  of  cylinder), 
after  which  set  up  lock-nuts  securely. 

''Third.     Plumb  rocker-arm  by  hang- 
ing  a    plumb-line    over    center   of    pins^ 
then  adjust  hook-rod  between  rocker-ann  and  wrist-plate. 

"  Fourth.  Remove  cardboards  so  wrist-plate  and  rocker-arm 
can  oscillate;  now  connect  eccentric-rod  to  rocker-arm  and  revolve 
eccentric  on  shaft  in  the  direction 
the  engine  is  to  run,  being  careful 
that  mark  on  wrist-plate  coincides 
with  side  marks  on  stud  when 
making  adjustments  of  the  eccen- 
tric rod.  Next  adjust  dash-pot 
rods /fas  follows  (Fig.  198):  When 
rod  is  down  as  far  as  it  will  go,  the 
shoulder  E  on  brass  hook  should 
just  clear  the  steel  block  F  on  valve- 
arm  as  shown  in  cut,  leaving  a 

clearance  of  1/16  inch  between  block  and  catch-plate, 
wrist-plate  to  opposite  side  and  adjust  in  same  manner. 

''  Fifth.  Place  crank  on  exact  dead-center  and  revolve  eccentric 
in  the  direction  engine  is  to  run  until  valve  on  end  nearest  piston 
shows  amount  of  load  as  given  in  table.  Now  fasten  eccentric  and 
revolve  engine  in  direction  it  is  to  run;  when  opposite  dead-center 
the  opposite  valve  should  show  the  same  amount  of  lead. 

"  Sixth.  Set  governor  on  starting-pin  and  adjust  trip-rods  so 
that  cams  will  just  trip  valves  as  wrist-plate  coincides  with  travel- 
marks  on  stud  when  oscillated. 
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"  Seventh.  Now  remove  starting-pin  and  allow  governor  to  go 
as  low  down  as  it  will,  tlien  adjust  safety-toes  on  trip-canu? «)  th&t 
valves  will  not  hook  on  when  wrist-plate  is  swung  to  travel-marks 
on  stud. 

"'Caution. — The  adjustment  of  rod  //  is  very  important:  \l\oo 
long  som(»thing  will  break,  if  too  short  the  valves  will  not  hook  on. 
Adjust  your  dash-pots  so  as  to  maintain  a  good  working  vacuum.'* 


Kici.  191). 


FiQ.  200. 


Poppet-valves.— Slid(»- valves  give   much   more   trouble  than 
pistons  \\\\vn  steam  is  used  that  has  been  superheated   to  such 


1  1  ..  Jill. 


Tii;.  JO-J. 


a  ili'trni*  iIimi    it    is  siil!  snp.'iljt\iir^l  mi  I'litt^ring  the  cylinder. 
This  i>i  prcLal^ly  ^\\w  \o  (hr  ri.iliin:  received  hv  the  cyblder-bore 


a  balaneeti  valve,     Exfxiscd  to  high  pressure,^,  it  must  be  very 
to  maintain  the  truth  of  its  s team-surfaces,  ami  it  muflt  also 
I  when  higiily  lieated.    The  valve  that  beat  satisfies  thpi*^ 
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requirements  when  superheated  steam  is  used  is  a  drop-valve 
called  the  double  poppet-valve.  It  may  be  balanced  as  closely  as 
desired,  since  the  steam-pressure  is  made  to  act  on  the  valve  in 


Fia.  204. — Double  Poppet-valve  used  as  a  Governor. 

opposite  directions  at  all  times.  Old  forms  are  illustrated  in 
Figs.  199-202.  The  valve  of  the  Putnam  engine  is  shown  in  Rg. 
203.    (Sec  page  440.) 


CHAPTER    XIIl. 


SPEED  VARIATION  CONTROL. 


Ttiming  Effort  in  the  Crank-shaft.  ^The  motion  of  a  body  is 

tmiform  when  the  resisting  forces  of  all  kiiiMa  are  exactly  balanced 

at  each  and  every  instant  by  the  impelHng  forces.     For  sonic  pur» 

po^s  it  is  desirable  to  have  the  crank-shaft  rotate  ab'iolutely 

unifomily.    Not  many  years  ago  it  was  usual  to  describe  the  uni- 

forniity  of  rotation  of  an  engine  by  specifying  that  its  revolutions 

per  niinute  would  not  vary  more  than  one  or  two  from  the  mean  in 

changing  from  no  load  to  full  load.     An  up-t-o-dafce  engine  for  some 

electrical  purposes  is  now  demgned  not  to  vary  per  revolution  more 

than  a  certain  number  of  pole  degrees — ^ight,  for  instance — ^from 

the  position  that  absolute  unifonnity  of  rotation  WDuld  give  it. 

Tliis  would  be  a  displacement  in  in^h^  on  the  crank-pin  circle  of 

8 
^'  =of*fw^ ^^Tir  if  the  generator  had  30  poles;  i.e.,  a  pole  degree 

equals  the  degrees  between  two  poles  divided  by  360.  In  cotton- 
miUs  uniformity  is  exceedingly  desirable.  Large  capacity  for  cer- 
tain machines  is  secured  by  dri\'i  ng  stmt  ties  carrying  cotton  threads 
so  fast  that  the  thre|ids  are  on  the  point  of  breaking  but  do  not 
break.  Calhng  this  the  economical  speedy  a  lower  speed  would 
produce  less  cloth;  and  a  rnunientary  higher  speed,  causing  the 
thrciids  to  break  and  the  machine  to  be  stopped  to  allow  the 
operator  to  tie  the  threatls,  would  also  retluce  production*  The 
exactness  rccjuired  for  various  classes  of  machinery  will  be  given 
later. 

Two  different  kinds  of  uniformity  must  be  securer!*  If  the 
load  should  vary  after  the  poirtt  of  cutniff,  it  is  evitlent  that  the 
governor  controlling  the  steam-supply  can  exercise  no  influence  on 

the  speed  until  the  next  stroke.    Hence  the  engine  must  changf 

37a 
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speed  to  make  the  governor  act,  and  it  controls  by  regulating  the 
amount  of  steam  or  the  pressure  on  the  stroke  following  the  change 
of  speed.  The  steam-governor  affords  means  of  controlling  the 
number  of  strokes  per  minute,  but  it  is  also  desirable  to  control 
the  speed  of  the  crank-pin  during  a  stroke.  If  we  suppose  the 
resistance  is  uniform,  then  uniform  rotation  will  be  secured  by  uni- 
form tangential  pressure  on  the  crank-pin,  since  it  is  only  the  tan- 
gential pressure  that  is  effective  in  the  production  of  rotation. 

Net  Steam-pressure. — The  net  steam-pressure  on  a  piston  at 
any  instant  is  the  difference  between  the  absolute  dri\nng  steam- 
pressure  on  one  side  of  the  piston  and  the  absolute  back  pressure 
on  the  other  side  at  the  same  instant.  The  amount  of  this  net 
pressure  cannot  be  obtained  from  a  single  card,  since  the  bottom 
line  on  such  a  card  is  the  back  pressure  on  the  same  side  of  the 
piston  on  the  return -stroke.  To  obtain  exact  results  we  should 
have  two  indicators,  each  taking  a  single  card  during  the  same 
revolution  of  the  engine. 

In  Fig.  204  let  A  and  B  be  cards  so  taken.     For  convenience 
of  illustration  both  diagrams  are  shown  on  one  card.     Then  the 
net  steam-pressure  at  any  piston  position  h  is  ab  —  bc=ac, 
wiiere  a/>  =al)S()lute  forward  pressure, 
/>r-=al)S()hite  back  pr(\ssuro, 

crc-=(liHVr('nce  between   driving-pressure  of  one  card  and 
back  pressure  of  the  other  card. 
Draw  a  new  card,  12.'Mr),  whose  ordinates  represent  the  net  forward 
steam-pressure. 

Wlien  the  back  ])ress\u*e  exceeds  tlie  forward  pressure  the 
ordinates  are  laid  off.  a.^  in  tlie  figure,  below  the  base-line. 

Variable  Velocity  of  the  Piston. — If  the  crank-pin  revolves  with 
uniform  velocity  it  will  ])ass  ovcm*  ecjual  arcs  in  equal  periods  of 
time.  The  ])isto*n  then  necessarily  passes  over  unecjual  distances 
in  ecjual  jK^riods  of  time.  On  j>age  TM  it  was  shown  that  these 
distances  increased  from  the  beginning  to  the  middle  of  the  stroke 
and  then  decreased  to  the  other  end  of  th(^  stroke.  The  piston, 
then,  must  have  a  i)ositively  accelerated  motion  from  the  beginning 
of  a  stroke  to  near  the  middle  and  then  a  negative  acceleration 
to  the  end  of  the  stroke.  It  was  further  shown  that  shortening 
the  connecting-rod  increased  the  amount  of  all  irregularities. 
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of  all  parts  of  the  engine  having  a  reciprocating  motion  or  a  motia 

of  translation.     On  the  other  hand,  the  net  steam -pressure  durin 

the  second  half  of  a  stroke  will  be  augmented  by  the  pressui 

made  available  by  the  necessary  slowing  do\wi  of  the  reciprocatin 

parts. 

Reciprocating  Parts. — These  are  the  piston,  piston-rod,  cros 

head,  and  half  the  weight  of  the  connecting-rod.     (See  Vol.  XXV] 

Trans.  A.  S.  M.  K.)     In  the  discussion  of  accelerations  and  force 

on  the  assumption  of  an  infinite  rod  we  shall  use  the  above  propoi 

tion  of  the  weight  of  the  real  rod  in  finding  the  forces,  as  th 

change  required  by  the  use  of  a  finite  rod  is  then  easily  made. 

Pressure  Required  to  Accelerate  the  Reciprocating  Parts  (FlgE 

205  and  206). 

Case  I. — Infinite  Connecling-rcd, 

Let    F=constant  velocity  of  the  crank-pin  in  feet  per  second 

r=  variable  velocity  of  the  piston  in  feet  per  second; 

r=ra(lius  of  crank  in  feet; 

^=lcngth  of  the  arc,  measured  from  the    dead-center 

swept  through  by  a  point  on  the   crank-arm  a 

unit  distance  from  center  of  the  shaft  in  t  seconds 

t  ;i|  Tr=weight  of  the  n^ciprocating  parts. 

•  ■  ;  Then       rO --\vn^\\i  of  arc  sw('j)t  through  by  crank-pin  in  t  second 

-17. 

(10     V 
rdn-A\lt,     hence      ,-        • 


rfl-co.^^^)  :  8 


(  distance  the  piston  moves  in  t  seconds  from  i 
I      (l(^a(l-center  wliilst  tlie  crank-pin  moves  rO, 


/,  ;  (l^     (](r-rcoi^O)      r  ^\u  0(10     _    .     ^     .         rdO     ^^ 

-.  ; ;  (It  (It  (l(  (it 

5-  .  (Ir     (I'-s     (hVsmO)      Vco^  OdO     F- cos  ^; 

P  ;  But  acceleration  -    .;        .,.,         -  - -.. ,. —  = 

•  ',  at      (it-  (It  at  r 

Tli(*  ])ro(hict  of  tlie  acceleration  and  the  mass  that  has  l^oen  acceie 

r>  rated   ^ives   the  force  reciuired   to  pro(hicc  the  acceleration;    o 

V^  r.    ^^'  r-'cos^y     ,         ,  ^  .    .  ,      .1 

.;i\'\  F=    --  --the  total  force  reciuired  to  produce  the  necessarj 

acceleration  of  the  reciprocating  ])arts  at  the  piston  position  cor 
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Dnding  to  a  erank-angle^  0,  if   the  craak-pin  revolves  uni- 
formly. 

As  the  indicator-cards  show  pressures  in  pounds  per  square 
inch  it  is  advisable   to  ili^idc  the   total 
pressure  F  by  the  area  of  the  piston  in 


square  inches.    Hence  /  = 


W  T^eos^ 


is  the 


.dji 


FiQ.  206, 


gA  r 
loss  or  gain  of  pressure  in  pounds  per 
square  inch  of  piston  area  arising  from  the 
necessary  acceleration^  positive  or  negative, 
of  the  reciprocating  parts  (at  a  piston  posi- 
tion corresponiling  to  the  crank-angle  0), 

Mass  of  Reciprocating  Parts  Considered  as  Coocentrated  at  the 
Center  of  the  Crank-pin.— If  the  weight  of  all  the  reciprocating 
parts  could  be  concentrated  at  the  center  of  the  crank-pin  the  cen- 

tri petal  force  of  such  a  weight  would  be •    The  horizontal 


projection  of  tliis  radial  force  would  be 


WV^  COS  & 

gr 


or  the  above 


force,  F. 

In  the  above  equation  for  /,  the  only  variables  are  /  and  cos  ff. 
As  the  equation  is  of  the  first  degree,  it  is  therefore  tlie  equation 
of  a  straight  line.    This  can  be  seen  by  giving  0  a  few  values  such 

fSLB  Oj  J  J  ^,  and  n  and  plotting  the  results. 
*      Hence  it  is  only  necessary  to  find  the  value  of  /  for  ^=0  and 
0=7:  and  join  the  points  so  found  by  a  straight  line. 

For  example  suppose  the  cards,  Kg,  205,  are  from  a  liorizontat 
high-speed  engine.*  With  the  following  data  find  the  pressure  per 
S(|uare  inch  of  piston  area  that  will  be  reqLure<l  to  accelerate  the 
reciprocating  parts  at  the  beginning  of  a  stroke,  neglecting  the 
angularity  of  the  connecting-rod. 

RevolutioDS , .,....<. 300 

Stroke 12  inches. 

IMameter  of  cyhnder, 10            " 

Length  of  connecting-rod , , 36            '* 


♦Trans.  A.  8.  M.  E,,  VoL  XI. 
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Distance  from  wrist-pin  (cross-head  pin)  to  the 

center  of  gravity  of  the  connecting-rod 20. 15  inches. 

Principal  radius  of  gyration  of  conne:' ting-rod 15  " 

Weight  of  connecting-rod 70  pounds. 

Weight  of  piston,  piston-rod,  and  cross-head 90       " 

Weight  of  above  and  half  connecting-rod 125       " 

When^=0  or  ;r, 

125(2  X;rXtX-V/)2^      125X4X;r^ 
^     ^    ;rX52X32.16Xi        "^2X32.16      ±^*-*^- 

(Fig.  205.)  Lay  off  IE  or  5F  =  24.42  pounds  to  the  scale  of 
the  indicator-card  pressures.  Then  any  ordinate  as,  dc,  represents 
the  pressure  that  is  required  to  produce  (or  is  produced  by)  the 
instantaneous  variation  of  velocity  in  the  reciprocating  parts. 
Negative  pressure  is  therefore  indicated  above  and  pasitive  pressure 
below  the  reference  line  15.  As  these  pressures  are  always  modified 
by  the  use  of  a  finite  rod,  its  effects  will  be  discussed  next.  The 
equation  of  /  and  d,  when  the  length  of  the  rod  is  considered,  will 
no  longer  represent  a  straight  line  such  as  EF,  but  takes  the  form 
of  a  complex  curve  HIJ. 

Case  II .  Finite  Connecting-rod. — In  general,  sufficient  accuracy 
is  attained  if  only  three  to  five  points  on  this  curve  are  obtained. 
The  formula  to  be  used  for  each  of  these  five  points  may  be  ob- 
tained from  the  general  formula  by  the  substitution  of  the  proper 
crank-angle. 

Piston  Position  of  Zero  Acceleration. — After  reaching  its  maxi- 
mum velocity  the  piston  begins  to  slow  down.  Evidently  the 
acceleration  changes  sign  and  passes  through  zero  at  the  point  of 
maximum  piston  velocity.  With  an  infinite  rod  this  occurred  at 
half-stroke,  the  crank  arm  and  rod  being  at  right  angles  at  that 
point.  With  a  finite  rod  this  point  will  occur  before  half -stroke, 
and  its  position  may  be  obtained  graphically  as  follows: 

(Fig.  207.)  Draw  a  circle  with  a  radius  OA^r^  the  throw  of  the 
crank.  Perpendicular  to  OA  draw  AC  and  lay  off  AC  equal  to 
the  length  of  the  connecting-rod.  If  OAC  is  swung  around  O  till 
C  cuts  the  line  OD,  the  reciuired  point  E  will  be  obtained.  To  do 
this,  measure  the  hypothenuse,  OCy  and  lay  off  OD=^OC.  With 
D  as  a  center  and  a  radius  =  i4C  =  length  of  the  connecting-rod, 
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Forces  to  Produce  Required  Acceleration.— As  in  the  preceding 
case 

Force  =  mass  X  acceleration. 

WV^/  r  \  WV^/  r  \ 

.\  F  = (cos^±ycos2^)      and     /=-^  — (cos  ^±  jcos2fi]. 

The  value  of  this  equation  for 

ir  V^/     r  \ 
^=90°,/=^-5-(-y); 

W  F2 
d=»  45*^  and  135^  /  =  — — cos  45°; 

^ '     gA  r  ' 

The  value  for  ^=45°  or  135°  is  the  same  as  in  Case  I  and 

may  therefore  be  used  if  the  corresponding  piston  positions  ttfe 

obtained. 

/  If  F2\ 
Substituting  the  value  of  ( -r  ~  )  already  found  (24.42  pounds) 

and  the  value  of  j-r-^r  we  obtain  /o  =  24.42  (J);  /i8o  =  (24.42) 

(-e);  /9o  =  (24.42)(- J).  Plotting  these  results  and  those  ob- 
tained for  zero  and  equal  acceleration  (45°)  we  obtain  the  curv^e 
HIJ. 

Pounding  of  the  Engine. — It  can  be  readily  seen  that  the  inertia 
of  the  recii)rocating  j)arts  may  be  used  to  equalize  the  pressure 
that  IS  exerted  on  the  piston-rod  during  the  entire  stroke.  At 
first  sight  this  might  seem  desirable,  and  it  has  been  so  enunciated 
many  times.  On  the  contrary,  it  is  not  desirable,  as  it  will  cause 
the  engine  to  pound  on  the  centers,  due  to  the  sudden  change  from 
positive  to  negative  pressure.  Smoothness  of  running  is  secured 
by  such  weight  of  reoi[)rocating  parts  as  will  cause  the  forward 
pressure  to  increase  gradually  from  zero  to  a  maximum  at  the  end 
of  the  stroke.  The  sudden  c(\ssati()n  of  pressure  will  not  produce 
a  pound,  but  the  taking  up  of  lost  motion  under  heavy  pressure 
will  produce  a  d<\structive  pound   that   should  be  avoidetl.     In 
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*haf t-govemed  engines  at  cut-off  shorter  than  the  nomial,  the  lead 
y  often  made  negative.  This  tends  also  to  reduce  the  tentlency 
to  sudden  reversal  of  stress.  Hea\y  compression  also  has  the 
eame  effect. 

Detenninatlon  of  Tangential  Pressures. — Let  the  ordinates  of 
H2K4J  of  Fig.  208  be  the  same  as  those  of  H2MJK\U,  Fig.  205, 
I  he  abt^ciHSfu^  being  reduced  to  one-third  of  their  origiiml  dinicasions. 
With  a  radius  equal  to  the  length  of  the  connectitig-rod  (3XHJ) 
lay  off  B  and  D  from  H  and  J  and  construct  the  circle  BCD. 
Divide  it  up  into  any  number  of  equal  arcs  and  let  C  be  oije  of 
the  division  points.  With  the  length  of  the  connecting-rod  as  a 
railius  and  C  as  a  center,  find  ,4^  the  correspouiliug  cr<>!ss-head 
position.  Having  taken  out  the  pressures  required  to  produce 
acceleration  of  the  masses,  we  may  consider  the  forces  that  we 
are  now  discussing  as  static^ 

The  cross-head  and  crank-pin  are  each  under  the  action  of 
three  forces  produced  by  the  action  of  one  force  acting  in  the 
direction  of  HJ  and  of  magnitude  p.  The  pressure  in  the  con- 
necting-rod IB  greater  than  />,  since  the  comjionent  of  the  connect- 
ing-rod pressure  along  HJ  must  e<|ual  p. 

Prolong  the  crank-arm  OC  till  it  inteiBecls  a  perpendicular, 
Alf  erected  at  *4.  The  tendency  to  rotate  around  the  instan- 
taneous center,  /,  is  zero,  since  the  forces  producing  change  of 
velocity  have  been  removed  Taking  moments  about  I,  all  forces 
disappear  from  the  equation  except  p  and  the  tangential  force 
I     T  acting  on  the  crank-pin. 

I  pXAI=TxCL 

f  On  01  lay  off  OP'  =  p  and  draw  P'T'  parallel  to  the  connecting- 

rod  position  AC  and  intersecting  OMj  a  perpendicular  erected  to 
BD  at  0. 

I  The  triangles  OP'T'  and  CIA  are  similar,  therefore 

■  OF    CI 


41 

or^px^^. 


Hence  07"  is  the  reqiured  tangent  ial  pressure  at  this  crank-pjosition. 
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It  is  evident  that  connecting-rod  positions  will  have  to  be 
drawn  for  each  crank-position  in  succession  to  determine  a  new 
piston  position  and  the  corresponding  net  pressure,  such  as  p.  By 
laying  off  this  pressure  from  the  center  of  the  shaft  on  the  crank- 
position,  prolonged  if  necessary  and  drawing  a  parallel  to  the 
new  connecting-rod  position  as  PT'  was  drawn,  the  tangential 
pressure  for  the  new  crank-position  will  be  indicated  by  the 
distance  between  0  and  the  point  of  intersection  of  the  parallel 
and  the  line  OM,  It  is  not  necessary  to  find  the  instantaneous 
center,  as  that  is  only  necessary  to  prove  the  construction. 

The  tangential  pressures  so  found  may  be  laid  off  in  two  ways; 
1.  (Fig.  208.)    At  each  point  of  division  of  the  crank-circle 


Fig.  208. 

lay  off  the  tangential  pressure  radially — at  right  angles  to  its 
true  position  -from  the  center  of  the  crank-pin.  CT"y  for  instance, 
is  equal  to  OT,  Join  the  points  so  found.  The  area  enclosed 
by  tjiis  lino  and  the  perim(»ter  of  the  circle  does  not  measure  work. 
2.  (Fig.  209.)  A  much  more  useful  diagram  is  formed  by  recti- 
fying the  path  of  the  crank-pin— thus  giving  actual  linear  distance 
— and  at  each  point  of  division  on  the  rectified  perimeter  erecting 
a  perpendicular  equal  to  the  tangential  pressure  at  that  point 
All  areas  then  measure  work  and  by  means  of  a  planimeter  or  by 
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the  method  of  orclinates  we  caa  obtain  the  excess  or  deficit  of 
work — variation  from  the  mean — that  produces  either  positive 

or  negative  acceleration. 

The  importance  of  divifling  the  semicircles  into  eqtial  parts  is 
now  apparent,  as  it  facilitates  the  rectification  of  the  arcs.  Accord- 
ing to  Rankine  the  following  method  is  accurate  to  ttAht-  (Fig. 
210.)  To  rectify  the  circular  arc  AEB  prolong  t  he  chord  AB  to  C, 
making  AC^^AB.  With  a  center  at  C  and  a  radius  AC  dcBcribe 
an  arc  AD,  At  B  draw  a  tangent,  BD,  limited  by  the  arc  AD. 
Then  BD-arc  AEB  in  length. 

Fig,  209j  has  many  important  qualities.  For  instance,  its  area 
is  exactly  equal  to  that  of  the  original  indicator-card,  thereby 


^^ 


Fio.  200. 


Flo,  210. 


illustrating  the  fact  that  there  is  no  loss  of  energy,  friction 
excepted,  in  the  conversion  of  the  *'  to-and-fro"  work  of  the  piston 
into  the  work  of  rotation  of  the  crank-pin. 

It  we  divide  the  area  of  the  card,  Fig.  209,  by  its  length  antl 
lay  off  a  line  parallel  to  the  base  with  the  resultant  pressure  as  the 
ordinate,  we  shall  divide  the  card  into  Uvo  parts.  The  +  area 
indicates^  work  in  excess  of  the  mean,  the  —  areas  indicate  cor- 
responding deficits.  In  every  case  the  sum  of  the  4-  areas  must 
equal  the  sum  of  the  —  areas  per  revolution. 

In  the  case  of  a  single  engine  one  of  the  +  areas  may  be  calknl 

JE  and  its  ratio  to  work  per  revolxUiori  or  2  (area  of  the  rectangle) 

JE 
—2  (the  area  of  the  indicator-card)  may  be  called  — ^^-^ 

2yjKls 

fraction  is  often  called  the  fluctuation  ratio  or  coefficient  of  un- 
steadiness.   1th;  value  ranges  from  1/6  to  1/4  with  single-t*ylinde* 
expansion  engines,  with  a  pair  of  engines  of  practically  equal  po' 
coupled  at  right  angles  its  value  is  from  1/25  to  1/15: 
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engines  coupled  at  120  degrees  apart  it  is  1/75  to  1/50.     By 

means  of  a  fly-wheel,  the  effect  of  all  of  these  variations  from 

the  mean  energy  on  velocity  changes  may  be  much  reduced.    The 

Absorption  of  energy  by  the  fly-wheel  in  speeding  up  reduces  the 

highest  velocity  that  would  otherwise  be  attained  and  increases 

the  lowest  velocity  by  returning  the  absorbed  energy. 

The  following  table  gives  an  approximate  value  of  allowed 

Vi  —  Vo 
coefficients  of  unsteadiness  in  velocity = — y — ==A:. 

For  stamps,  crushers,  etc Vs 

*  *    saw-mills  and  pumping-engines ^/^  ^/^ 

*  *    weaving-machines  and  paper-mills Vio  V«o 

*  *    spinning-machines  for  coarse  to  middle-fine  yams.  .    V,g  Vao  V« 

**    spinning-machines  for  finer  yams Vm  ••  Vw 

**    belt-driven  dynamo-machines */,„ 

**    directly  coupled  dynamo-machines V^  '/^oo  ^/^^ 

Approximate  Fomiula  for  a  Fly-wheel. 
W  =  weight  of  the  fly-wheel. 
yi=maximum  velocity  of  the  rim,  at  radius  R,  in  feet  per 

second. 
y2=niinimum  velocity  of  rim,  at  radius  72,  in  feet  per  second. 
V  =mean  velocity  of  rim,  at  radius  R,  in  feet  per  second. 

We  shall  assume  that  7  ^ — ^-^ —  •    '^^  ^^  ^^^  *^^  frequently, 

as  the  maximum  velocity  may  persist  for  a  much  longer  or  shorter 
period  of  time  than  the  minimum  velocity. 

y  '^• 

The  radius  R  is  generally  taken  from  the  center  of  the  shaft  to  the 

middle  of  the  rim.    The  proper  radius  is  the  radius  of  g3Tation, 

as  we  are  really  dealing  with  the  mean  of  the  squared  radii.    In 

ilealing  with  thin  rims  in  an  approximate  solution,  the  assumption 

of  the  mean  radius  is  sufficiently  accurate. 

W 
The  kinetic  energy  of  a  mass,  —  moving  Vi  feet  per  second  is 

W 

.y-Fi^.    If  the  velocity  changes  to  V2  feet  per  second  the  new 
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kinetic  energy  is 


2<7    • 


The  cliange  of  energy  is 


EaV-K^  -  f  ^-  +'^'»'^'-'^''  ,gxy  x,y  J^K». 


This  must  equal  JE. 


W^ 


AE  may  be  obtained  in  foot-pounds  from  the  maximum   +  or  — 

area  in  a  diagram  {Fig.    209),    or  it  may  be  obtained  from  an 

assumed  fraction  of  the  work  per  revolution. 

For  example,  find  the  weight  of  a  fly-wheel  for  a  100  I.H.P, 

engine  making  100  revolutions  per  minute;   fluctuatiori  of  energy 

J^  1 

=  ,2;    Suctuation  of  speed  =  r^;  mean  velocity  of  fly- 


2/pds. 
wheel  rim  =50  feet  per  second. 


100' 


F- 


100x33.000     2 

100         XiqX-^-^^ 

,01 X50  X50 


=8490  pounds- 


Another  method  of  reducing  the  difference  between  Vy  and  V^ 
is  to  reduce  the  amount  of  the  H-  and  —  areas.  This  can  be  done 
by  ha\ing  the  work  done  by  tw^o  engines  coupled  at  right  angles, 
or  three  eugineis  at  angles  of  120  degrees  apart. 

The  formula  ^^^  ^l^  i®  expressal  in  several  forms: 

Let   ^  =  number  of  revolutions  per  minute; 
Ri  =^mean  radius  of  rim  in  feet; 
R^^    ''        ''      *i    M    **  juehes; 
Rq  ^radius  of  gyration  in  inches; 
/    =  117?/  =  moment  of  inertia; 
{AE\\2My) 


W^ 


f'O': 


„„,     ,    35,260Jff.    , 

WR^ = /  =  — Tj^M —  inch-pounds; 

JE^-OmUWRi^^    or    .<Xm27SWR2^1^  foot-pounds. 
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In  Pig.  222  the  curve  of  tangential  efifort  of  the  highrfwesBore 
engine  of  a  compound  is  ^ven  in  full  linee,  while  the  curve  for 
the  low-pressure  engine  is  ^ven  in  dotted  lines.  F!rom  the  posh 
tions  of  the  points  of  sero-crank  effort  it  is  readily  seen  that  tiie 
cranks  of  the  engines  are  at  right  angles  to  one  another.  In 
Pig.  223  the  ordinates  of  the  two  engnes  have  been  added  and 
the  variation  from  the  mean  ordinate  MC  is  indicated. 

Belt  Wheels. — For  many  purposes  the  belt  wheel,  if  propoij 
proportioned  so  that  it  does  not  look  weak,  will  be  found  sufll- 
ciently  heavy  to  serve  as  a  regulator.  It  will  not  serve  where 
very  close  regulation  Ls  required,  as  in  parallel  operation  of  A.  CL 
generators.  Two  per  cent  variation  on  dther  ode  of  the  mmnal 
speed  is  close  enough  for  steady  burmng  of  lamps  and  a  belted 
Corliss  should  run  that  dose.  If  power  and  lamps  are  oa  the 
same  circuit  a  heavier  wheel  should  be  used. 

Horse-power  of  a  Belt. — ^Authorities  differ  but  common  rules 
are: 

Single  belts  transmit  one  horse-power  per  inch  of  width  per 

1000  feet  linear  veloc-ty; 

Double  belts  transmit  two  horse-power  per  inch  of  width 

per  1000  feet  linear  v(»locity; 

At  3000  feet  the  effect  of  centrifugal  force  becomes  per- 
ceptible and  5000  to  6000  feet  is  the  economic  limit  if  the  life 

of  the  belt  is  to  be  considered. 

The  Arc  of  Contact.— This  is  supposed  to  be  180^  Reducing 
the  arc  increases  slippage  and  causes  less  horse-power  to  be 
transmitted.  The  maximum  ratio  that  should  exist  between 
driving  and  driven  pulley  should  not  exceed  5.  With  this  large 
ratio  the  axes  of  the  pulleys  should  be  well  separated.  The 
bottom  of  the  belt  should  be  the  tight  side.  The  upper  side 
should  run  with  a  perc(»ptible  sag. 

General  Details. — ^The  face  of  a  belt  wheel  should  be  crowned 
at  the  rate  of  i  inch  to  the  foot.  If  over  40  inches  wide,  double 
staggered  arms  are  used.  The  rims  of  wheels  under  13  feet  in 
diameter  should  be  at  least  one  inch  in  thickness  and  strength- 
ened at  the  sides  and  middle  by  ribs.  The  middle  rib  serves  to 
connect  the  thicker  anns  and  rim  and  reduce  shrinkage  stresses. 

The  diameter  of  the  hub  is  about  twice  that  of  the  shaft  and 
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length  of  the  hub  is  one  and  a  half  to  twice  the  shaft  diameter. 
This  width  is  necessary  to  prevent  the  wheel  from  rocking  on  the 
shaft.  The  mlrumum  weight  of  a  belt  whed  for  good  looking 
proportion  is  given  in  colunm  five,  Table  A,  page  389, 

Weight  of  Balance  Wheels. — In  the  analytical  discussion  it  was 
shown  that  the  efficiency  of  a  fly-wheel  varied  with  WI^^  where 
Rr  is  the  squared  radius  of  gyration.  It  is  evident  for  economy 
of  material  that  the  diameter  of  the  wheel  should  be  as  large 
aa  possible,  yet,  for  good  looks,  it  may  become  too  large. 

When  engines  are  used  to  drive  generators  it  is  convenient 
'to  express  the  weight  of  the  balance  wheel  in  terms  of  the  revolu- 
tions  of  the  engine  and  the  kilowatts  of  the  generator.  To  do 
this,  primary  constants  will  be  given  for  »ingle-<;ylinder  engines, 
running  at  100  revolutions  per  minute,  the  rim  of  the  fiy-wheel 
moving  with  a  velocity  of  5700  feet  per  minute*  These  constants 
will  have  to  be  modified  in  the  case  of  multicyhnder  engines 
and  in  case  the  revolutions  are  not  100.  Two  sets  of  primary 
constants  wiU  be  given,  one  for  A.  C,  current  generators  running 
in  parallel,  and  another  for  D,  C»  current  generators  and  for  A*  C. 
current  generators  which  are  not  in  parallel  operation. 

The  method  then  is  as  follows; 

From  Table  A  pick  out  the  diameter  of  the  wheel  corresponding 
to  the  given  numlxT  of  nivolutions.  From  Table  B  (page  390) 
pick  out  the  constant  Kji  or  Kof  acconling  as  the  engine  is  to 
drive  A.  C,  generators  in  parallel  or  A.  C.  generators  not  in 
parallel  or  D,  C*  generators.  Obtain  a  new  constant,  Ki  or  Ks^ 
depending  on  the  number  of  revolutions  from  the  formulas  below ; 


100 


*P.M. 


XKa 


or 


100  Y 


XKr 


f  In  turn  the  constants  Ki  or  K2  must  be  modified  in  accordance 
with  the  amount  of  variation  of  energy  from  the  mean  during  a 
revolution.  As  that  of  the  single  cylinder  is  a  maximum  it  mil 
be  assumed  as  unity  and  Ki  and  ^^2  must  be  multiplied  by  the 
decimals  below  corresponding  to  the  tyue  of  ^^OTue: 
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Sm^b-cylinder  en^ne 1.00 

Tandem-compound  engine 80 

CroBS-compound  engine 60 

This  final  constant,  K/,  multiplied  by  the  kilowatts  will  gn 
the  weight  of  the  wheel  in  pounds.  The  effect  of  the  WP  of 
the  armature  and  rotors  of  the  generators  is  only  }  to  ^  of 
that  of  the  wheel,  except  in  very  large  siies.  They  may  therefore 
be  neglected. 

Examples. — ^A  tandem-compound  engjie  is  direct  connected  to 
a  500-kilowatt  60-cycle  alternating-current  generator,  running  at 
90  revolutions  per  minute.  Find  the  cUameter  and  wd^t  of 
the  wheel 

From  Table  A  we  find  that  a  wheel  oonteponding  to  90 
revolutions  must  have  a  diameter  of  20  feet  and  from  Table  B 
the  primary  constant,  K^,  is  145  for  100  revolutions  per  minute. 
Hence  for  90  revolutions, 


/looy 

A90/ 


^i^^-gnJ  X 145-220- 

For  a  tandem  compound, 

AV=220X.80  =  176. 
Total  weight  of  wheel, 

176X500  =  88,000  pounds. 

After  finding  the  weight,  reference  should  be  made  to  the 
last  column  of  Table  A,  as  the  weight  should  not  be  less  than 
the  tabular  amount.  In  the  present  case  the  tabular  amount 
for  a  20-foot  balance  wheel  is  32,000  pounds,  and  hence  the 
weight  found,  88,000,  may  be  used.  If  less  than  the  tabular 
weight  is  used  the  wheels  will  appear  out  of  proportion  and  look 
light. 

Example. — A  single-cylinder  engine  is  direct  connected  to  a 
75-kilowatt  direct-current  generator  running  at  120  revolutions 
per  minute.    Find  the  diameter  and  weight  of  the  wheel. 

If  we  used  a  rim  speed  of  5700  feet  per  minute  we  should 
obtain  a  wheel  with  a  rim  section  too  light  to  look  well.     Even 
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1   at  4800  feet  we  shall  lower  the  amount  of  the  radius  to  obtain           ^M 

a  more  suUstantial  appearing  rim.                                                                 H 

From  Table  A,  eoluirm  2,  the  nearest  diameter  is  12  feet  and           ^| 

from  Table  B,  K^  is  185.                                                                        ^^ 

For  120  revolutions  per  minute^                                                         ^^H 

m                               it.=  (j2o)  X185  =  107.                                       H 

^P             Total  weight  of  the  wheel,  107X75  =  8025  pounds,                  ^^M 

Referring  to  Table  A  we  find  that  the  minimum  weight  that       ^^H 

should  Ije  used  for  a  Ti-foot  wheel  is  12,500  pounds.    We  must            H 

therefore  assume  a  10-  or  ll-foot  wheel  and  recalculate,                      ^^H 

For  a  11-foot  whec^,                                                                        ^^H 

^>(m)  X225  =  130.                                       H 

The  weight  of  the  wheel  is                                                                ^^H 

130X75=9750  pounds.                                        ^^M 

This  is  a  trifle  above  the  limit  for  a  11-toot  wheel  and  hence       ^^H 

may  be  used.                                                                                         ^^^^ 

Table  A.*                                                <^^| 

1                                       BELT  AND  BALANCE  WHEELS.                                         ^^H 

RevoluttoBfl 

EevolutvonA 

Avem^ 

Miaimuin                        ^^| 

DUmflierof 

Wheel  m 
Feet. 

per  Mitiute, 

RlmSpoed 

4900  Feet 

per  MiDUie. 

i>er  Minute, 
RiijiSpwd 
5700  Fmi 
per  Htnuie. 

Facis  Width 
Id  IncKea  ot 
Belt,  \\1i«Ia. 

Weight  of 
B«l1  Wb»l« 
in  Pounds. 

Weight  for                       ^M 

Balance  Wheel«                    ■ 

io  Founds.  ^                 ^H 

1               8 

191 

227 

12 

4,000 

4,500             ^^1 

9 

IGl 

201 

15 

4,500 

5,000             ^^H 

10 

152 

ISl 

20 

8;500 

8,000              ^^H 

11 

139 

165 

24 

9,400 

9p500              ^^H 

12 

127 

131 

27 

12.000 

12,500             ^^M 

m 

117 

140 

30 

13,250 

15,000             ^^H 

14 

109 

130 

33 

14*500 

18,000              ^^H 

15 

101 

121 

35 

16,500 

20,000              ^^B 

16 

95 

113 

37 

18,500 

24,000              ^^H 

IS 

85 

101 

42 

25^000 

274)00              ^^H 

20 

,76 

91 

50 

42.000 

32,000             ^^B 

_        22 

69 

82 

60 

52,000 

66,000             ^^H 

H        ^ 

93         I 

76 

^H 

■        26 

58 

70 

^        2S 

55 

65 

^^^^M 

F             30 

51 

60 

m 

1                                                                *  Fmjp^.                                                                 ^^H 
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Tablk  B * 
?AUTES  OF  PBIMARY  CONSTANTS. 


Ka 

Kd 

I>UQj«t«r  of 

A.C.  Current 

DC,  CuiTBnt 

in  Fc«U 

in  Parnlle 

and 

Otteration- 

K.C.  Cumitjt 
Aot  Ln  Pvr^tlel. 

10 

585 

270 

11 

4S3 

225 

12 

400 

18d 

13 

sm 

160 

H 

300 

135 

15 

260 

120 

10 

230 

105 

18 

185 

85 

30 

145 

65 

Analysis  of  the  Rites  Inertia  Go?«Tior, — The    designing  o( 
ateam-engine  governors  is  the  work  of  a  specialist*     It  involves 


FiQ.  211. — ^The  numbers  show  variable  positions  of  the  ecoentrie  center  and 
gravity  center  at  variable  cut-off.  The  dotted  lines  AO  and  OO  are  of 
variable  length.  0  is  the  center  of  the  shaft;  C  is  the  center  of  the  crank- 
pin;  8  is  the  spindle  center;  G  is  the  center  of  gravity  of  the  rotating 
weights;  Af  is  an  ideal  center  of  mass  placed  at  a  distance  equal  to  the 
radius  of  gyration  from  G;  zz"  is  the  line  of  action  of  the  spring;  OG  is 
the  fline  of  action  of  centrifugal  force ;  Gi  is  the  line  of  action  of  tan- 
gential acceleration;   la  is  the  angular  acceleration  couple  around  (?. 

*  Power. 


^.^■i^L^:^ -^^ 
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not  only  special  knowledge  of  the  action  of  such  mechanism  but 
also  shops  and  funds  for  experimentation  of  no  mean  propor- 
tions. The  analysis  here  given  gives  not  only  an  insight  into 
the  action  of  this  particular  mechanism  but  giv<^  an  extended 
application  of  various  principles  of  mechanica.  In  this  analysis, 
there  is;  first,  a  rather  long  preliminary  statement  of  principles; 
next,  the  proof  of  an  equation  of  static  equilibrium;  then,  the 
proof  of  an  equation  of  work,  or  dynamic,  equilibrium;  and, 
finally,  some  equations  dealing  with  angular  inertia. 

In  Hg,  211  let  OC  be  the  position  of  the  crank;  s,  the  position 
of  the  spindle  center;  A  is  the  center  of  the  eccentric  and  the 
dots  indicate  positions  of  A  giving  shorter  cut-off;  G  is  the  center 
of  gravity  of  the  rotating  weights  of  the  governing  mechanism, 
and  the  dots  indicate  positions  of  G  corresponding  to  the  different 
positions  of  ^;  cd  is  the  lever-arm  of  the  moment  about  the 
epindle  centers  s,  due  to  the  tension  in  the  spring  z;  ^  is  the 
lever-arm  of  the  moment  of  the  centrifugal  force  of  the  rotating 
weights*  G  about  s,  since  it  is  equal  to  the  perpendicular  let 
faU  from  s  on  OG.    Ser  also  Fi^.  213. 

Division  of  Weights.— The  weights  are  placed  in  two  main 
divisions: 

Reaprocating  Parts — valve^  valve  stem,  slide,   and   the 

eccentric-rod  up  to  the  eccentric, 

Rolaling  Paris — the  eccentric,  its  strap^  strap  end  of  the 

eccentric-rod,  and  the  governor  bar,  G1G2. 

The  center  of  gravity  of  all  the  rotating  weights  is  intended 
when  the  center  of  gravity  of  the  bar  is  used  in  the  following 
discussion*  If  the  eccentric  is  heavy  a  material  difference  is 
made  if  its  weight  be  noglcctc<l. 

Forces  Acting  through  the  Eccentric-rod  and  their  Lever-anns. 
^The  force  acting  in  the  eccentric-rod  at  any  instant  is  the 
resultant  of  the  following  forces: 

1,  The  inertia  of  the  reciprocating  parts  of  the  valve 

mechanism; 

2*  The  friction  of  the  valve; 

3,  The  unbalancctl  pressure  on  the  end  of  the  valve  stem, 
since  only  one  end  of  it  is  exposed  to  steam; 

4.  The  weight  of  the  reciprocating  t^. 
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The  eccentric-rod  will  be  treated  as  if  infinite  in  ImgUu 
Hence,  at  all  parts  of  a  revolution,  it  will  be  parallel  to  tiie  center 
line  of  the  en^ne. 

The  resultant  of  all  the  forces  in  this  rod,  at  any  instant,  will 
pass  through  the  center  of  the  eccentric, 

K  in  Fig.  215  the  eccentric  center  is  at  the  point,  ai,  the 
moment  of  the  force  acting  in  the  eccentric-rod,  at  that  instant, 
about  the  spindle  axLs,  61 ,  will  be  the  product  of  that  force  and  the 
lever-arm  h\C\.  At  120®,  the  lever-arm  is  almost  zero;  at  the 
next  point,  it  is  negative. 


Fio.  212. — Rites-Carpenter  Governor. 

Algebraic  Signs  of  Forces,  Arms,  and  Moments. — Forces,  arms, 
and  moments  may  be  either  positive  or  negative.  We  shall 
call  positive  all  moments  which  tend  to  increase  the  eccentricity 
of  the  eccentric,  i.e.,  tend  to  move  the  center  of  the  eccentric 
away  from  the  center  of  the  shaft.  Movement  in  the  opposite 
direction  will  be  negative.  Positive  arms  are  those  which  com- 
bined with  positive  forces  will  produce  positive  moments.  For 
example,  the  moment  of  the  spring,  z,  is  positive  and  the  moment 
of  the  centrifugal  force  through  OG  is  negative.  Calling  the 
stroke  of  the  valve  toward  the  shaft  its  instroke  and  the  stroke 
from  the  shaft  its  outstroke,  we  have: 

1.  The  inertia  of  the  reciprocating  parts  of  the  valve  mech- 
anism is  positive  during  the  first  half  of  the  instroke  and  the 
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second  half  of  the  outstroke.  The  inertia  forces,  therefore,  produce 
negative  stress  during  the  second  half  of  the  instroke  and  during 
the  first  half  of  the  outstroke, 

2*  When  the  steam  pressure  is  on  the  outside  of  the  valve 
(exhaust  inside)  the  unbalancctd  pressure  on  the  end  of  the  valve 
^teni  will  produce  a  negiitive  stress  in  the  eccentric  rod. 

3.  Friction  produces  a  positive  stress  on  the  instroke  and  a 
negative  stress  on  the  outstroke. 

4.  The  weight  of  the  reciprocating  parts  (in  vertical  engines) 
produces  a  negative  stress  during  both  strokes. 


// 


\^* 


Fm.  213. 


Fm,  2H. 


i 


Gravity. — The  effect  of  gravity  on  the  reciprocating  parts: 

1,  Will  be  called  zero  in  horizontal  engines; 

2.  In  vertical  engines,  will  be  classixl  as  one  of  the  forces 

acting  through  the  eccentric-rod  aa  above; 
The  effect  of  gravity  on  the  rotating  parts: 

1.  The  attraction  of  gravitation  being  constant  the  force 
due  to  the  weight  of  the  rotating  parts  is  constant; 

2,  The  lever-arm  of  this  force  will  var>^  fronx  a  maximum 
positive,  equal  to  the  radius  ^,  through  zero  to  a  maximmn 
ne^tive  equal  to  —  sG  and  back  again  during  the  next  semi- 
revolution.  Its  effect  in  a  complete  revolution  is  zero  and 
T^ill  not  affect  our  static  equation  of  equilibrium  to  be  derived. 
Its  effect  in  determining  the  weight  of  the  bar  w^U  be  dis- 
cussed.    (Fig^.  213  and  214.) 


394         THE  STEAM^BNOINB  AND  OTSBB  HEAT-MOTOSOL 

Conditioni  of  StAtic  BqniUhiiiim.— U  a  body  is  at  rat  orii 
mo^g  uniformly,  it  is  in  a  condition  of  static  eqiufilna; 
hence,  the  sum  of  the  vertical  forces  is  lero,  the  sum  of  the  hofr 
sontal  forces  is  lero  and  the  sum  of  the  moments  of  all  the  fom 
acting  on  it  is  lero.  In  the  case  of  this  gcyvemor  it  will  be  Aan 
that  absolute  static  equilibrium  for  a  nmnber  of  oonseai 
instants  is  not  obtainable  owmg  to  the  inconoant  variation  of  m 
of  the  moments.  An  equation  of  static  equilibrium  f ot  a  nw* 
ltUi€n  can  be  written  by  fincUng  the  mean  moment  of  the  lam 
and  arms  that  vary  in  amount  and  dgn. 

To  find  this  mean  moment  we  shall  assume  the  aigme  to  be 
revolving  at  constant  speed.  In  the  case  of  the  fly-^hedi  «e 
found  that  it  had  no  value  in  regulating  the  number  of  revob- 
tions  per  minute  but  had  very  great  value  ia*  regulating  the  BgeA 
during  a  revolution.  As  the  fly-wheel  absorbs  the  excess  ot  de&cit 
of  work  put  into  the  crank-pin  throuj^  ibe  connecting^ody » 
the  governor  bar  absorbs  or  ^ves  out  work  through  ezoeedin^ 
small  variations  of  speed.  These  variations  occur  if  the  engiv 
is  supposed  to  be  rotating  uniformly.  In  case  the  engine  sptA 
up  or  slows  down  an  entirely  different  use  of  the  bar  arises  thnMigh 
its  angular  acceleration  aiding  centrifugal  force  in  bringing  the 
eccentric  center  to  a  new  position.  This  phase  of  the  use  of 
the  bar  is  discussed  last. 

The  static  equation  of  equilibrium  for  a  revolution  involves 
three  moments.  These  moments  are  taken  around  the  spindle 
axis  and  are  as  follows: 

1.  The  tension  of  the  spring  is  constant  for  a  revolution^ 
its  lever-arm  is  constant,  and,  as  the  moment  of  the  spring 
tends  to  increase  the  eccentricity,  the  moment  will  be  called 
positive. 

Let  Z  =  tension  of  the  spring, 
cd  =  the  lever  arm. 

Moment  of  the  spring  =  +Z{cd). 

2.  At  constant  speed  the  centrifugal  force  of  the  revolving 
parts  concentrated  at  G  and  with  an  arm  ef,  would  have  a 
constant  moment, 

Centrifugal  moment-  -O.OOOSiWRN^df), 
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if  PF= weight  of  revolving  parts; 

ft  =  distance  of  the  center  of  gravity,  G,  from  the  center  of 

the  shafts  expressed  in  feet; 
^  =  number  of  revolutions  per  minute. 
I  The  negative  sign  is  usee!  as  centrifugal  force  tends  to  decrease 

I    the  eccentricity. 

I  3*  The  third  force  is  the  resultant  force  in  the  eccentaic-rod 

^^  passing  through  the  eccentric  center.  Not  only  is  this  a  variable 
^H  force  but  its  lever-anii  about  the  spiodle,  s^  is  variable. 
^H  When  we  remember,  however,  that  a  point  on  the  surface  of  a 
^&ank-pin  revolms  once  around  the  axis  of  the  crank-pin  in  one 
revolution  of  the  latter  about  the  axis  of  the  shaft  we  perceive 
that  the  center  of  the  eccentric  and  the  center  of  gravity  of  the 
rotating  weights  revolve  in  circles  about  the  axis  of  the  spindle. 
The  radii  of  these  circles  are  the  distances  of  those  centers  from 
the  spindle  axis. 

To  find  the  mean  moment  of  the  third  force  we  shall  divide  the 
path  of  the  eccentric  center  in  its  revolution  around  the  spindle 
axis  into  equal  parts,  say,  twelve.  We  shall  find  the  amount  of 
the  force  in  the  eccentric  rod  when  the  eccentric  center  is  at  each 
of  these  points  and  multiply  the  force  so  found  by  the  per|>en- 
dicular  let  fall  from  the  spindle  center  on  the  axis  of  the  eccentric-rod 
produced.  The  mean  of  the  products  found  arithmetically  is  the 
mean  moment  required. 

To  find  the  resultant  pressure  acting  at  each  of  the  twelve 
positions  of  the  eccentric  center,  it  is  best  to  rectify  the  path  of 
I  eccentric  centt^r,  27ra 1 6i,  Fi^.  215,  and  at  each  point  lay  off  the 
I      positive  or  negative  [jres^sures  as  follows  (Fi|x.  217): 

I—- 


f=0.(Xm2Siwrmcos&, 


where  i£j= weight  of  reciprocating  parts  of  valve  mechaniBm; 
r= eccentricity  in  ijickes; 
iV=the  number  of  revolutions  per  minute; 
^  =  angle  swept  through. 
By  laying  off  the  values  of  /  so  found,  some  such  curve  as 
A  (Fig,  217)  is  obtained*     Hml  valve  positions  instead  of  eccen- 
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trie  center  positions  been  used  two  straight  lines  would  have 
replaced  the  double  curve,  A. 

The  friction  of  the  valve  is  a  variable  quantity.  It  varies 
with  the  construction  of  the  valve,  the  amount  of  wear  and  the 
lubrication.  In  the  diagram,  the  unbalanced  steam  pressure  on 
the  end  of  the  valve  stem,  the  friction  and  the  weight  of  the 
reciprocating  parts  is  indicated  by  that  part  of  each  ordinate 
included  between  the  curves  A  and  B  so  that  the  ordinates  of  B 
indicate  the  resultant  pressure  in  the  eccentric-rod  at  the  corre- 
sponding positions  of  the  eccentric  center.    From  Rg.  217,  we 


Fig.  215 


«ee  that  these  ordinates  pass  through  zero  value  at  90*^  and  300° 
approximately. 

The  corresponding  lever-arms  are  shown  in  Fig.  215,  6iCi 
being  the  arm  for  the  force  in  the  eccentric-rod  when  the  eccentric 
is  on  the  dead  center;  62^2  being  the  arm  for  the  force  in  the 
rod  when  the  eccentric  center  is  30°  from  its  dead  center,  etc. 

The  next  step  is  to  scale  off  each  force  and  its  lever-arm  and 
find  the  arithmetical  product.  The  mean  of  all  the  products  is 
the  mean  turning  moment  due  to  the  forces  in  the  eccfentric-ro(i 
during  a  revolution.  This  operation  is  not  performed  in  the 
text.     We  can  then  write: 

Constant  centrifugal  yrioment  =  consia,nt  spring  moment -^ihe 
mean  moment  of  the  eccentric-rod  forces. 
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To  Find  the  Weight  of  Uw  Bar  to  Absorb  Unbi^anced  WorL — 
The  second  part  of  the  analysis  is  devoted  to  a  discussion  of  a 
method  of  finding  the  weight  of  the  bar  to  absorb  excess  or 
deficit  of  work  caused  by  tlie  unbalanced  pressure  in  the  eecentric- 
rod  and  by  the  weight  of  the  rotating  parts.  As  work  is  the 
protluct  of  a  mean  pressure  and  the  distance  through  which  that 
mean  pressure  is  exerted,  it  remains  to  i*how  the  distance  through 
which  the  force  in  the  eccentric-rod  and  the  weight  of  the  rotating 
parts  is  exerte<L 

Work  of  Eccentric^rod  Forces  about  the  Spindle  Axis. — ^Refer- 
ring to  Fig,  21tj,  we  see  that  if  ahx  is  the  pressure  in  the  eccentric-' 
rod  when  the  eccentric  is  at  ai  then  the  turning  effort,  of  the 
pressure,  obi  (alxjut  tlie  spindle  61),  is  equal  to  that  of  a  force 


2* 


(«i 


Fio.  217. 


Fia    218. 


I 

^(10  acting  normally  to  a  radiu?,  aihu  Note  that  the  forces  and 
I  their  normal  components  in  the  figure  are  drawn  at  the  spindle 
centers  instead  of  the  eccentric  centers  to  avoid  confusion  of 
lines.  By  taking  all  the  pressures  normal  to  the  line  Joining  the 
eccentric  and  spindle  centers,  it  is  evident  that  the  mean  normal 
pressure  multiplied  by  the  circumference  of  a  circle  whose  radius 
is  aibi  would  represent  the  work  done  by  the  resultant  eccentric- 
rod  pressure  during  a  revolution.  In  Fig.  218  the  line,  ef,  rr pre- 
sents 27raifti  and  the  ordinates  of  the  full  line  curv^e  marked  aC 
represent  pressures  in  the  eccentric-rod  resolved  normally  to 
the  lines  joining  the  eccentric  and  spindle  centers.  The  area 
between  the  curve  aC  and  the  Imse  0  — 3f)0°  represents  the  work. 
Work  of  Rotating  Weights  about  the  Spindle  Axis.  —  The 
rotating  weight-s  are  constant  in  weight,  are  concentrated  at  G, 
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and  have  variable  lever-arms,  since  the  perpendicular  let  faD 
from  the  spindle  axis  on  a  vertical  through  G  is  variable.  In  order 
to  combine  the  work  of  the  rotating  weights  with  that  of  the 
eccentric-rod  forces  just  found,  it  is  best  to  lay  off  the  work 
diagram  to  the  same  base  line  as  that  of  the  eccentric-rod  forces 
and  to  vary  the  pressures  proportionately.  Note  that  the  radius 
of  the  circular  path  of  G  about  the  spindle  axis  differs  from  the 
radius  of  the  eccentric  centers'  circle.  Therefore  take  the  moment 
of  the  rotating  weights  concentrated  at  G  about  the  spindle  axis 
for  (jach  30°  of  revolution  of  t'le  eccentric  center  and  divide  this 
moment  in  each  case  by  the  distance  between  the  eccentric  center 
and  the  spindle  axis.  Lay  off  the  pressure  so  foimd  at  the  corre- 
Hponding  degree  position  on  the  line  0—360°  in  Fig.  218  and 
obtain  the  curve  in  full  line  marked  D.  The  total  work  done 
during  a  revolution  is  seen  to  be  zero. 

Onnbining  the  curves,  C  and  Z),  we  obtain  the  broken-line 
curve,  EHGj  Fig  .218.  The  mean  ordinate  of  curve  Cisof.  The 
croHH-hatched  area,  GHE,  is  the  fluctuation  of  energy  which 
muHt  be  controlled  by  the  governor  acting  similarly  to  a  fly- 


wheel 


gJE 


/=-^  =  35,260^-^. 

J£=area  GHI  in  inch-pounds; 
/  =  moment  of  inertia  of  governor  weights  in  inch-pounds; 
A = desired  regulation,  viz.,  greatest  allowed  variation  of  speed 

=  4  times  the  mean  speed; 
^  =  number  of  revolutions  per  minute; 

7= velocity  of  the  point  at  the  end  of  the  radius  of  gjrration 
in  feet  per  second.* 

Variation  of  Load. — Inertia  governors  depend  upon  centrifugal 
force,  linear  acceleration,  and  angular  acceleration.  Variation 
in  the  type  of  governor  is  due  to  the  variation  in  the  amounts 

♦  See  Power,  Nov.  1906. 


\ 
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*of  each  of  the  above  means  of  regulation.  In  one  type,  for 
tustaace,  a  powerful  centrifugal  force  is  tleveloped^  aided  at  change 
of  speed  by  a  powerful  inertia  effect  whieh  is  largely  linear.  In  the 
Rites  type,  for  instance,  the  centrifugal  force  action  is  relatively 
email,  the  linear  acceleration  is  also  small  as  the  center  of  gravity 
G  is  close  to  the  spindle  axis  b.  The  angular  acceleration,  liow- 
ever,  is  very  powerful  and  acts  as  a  steatlying  influence. 

Inertia  Governor  duong  Change  of  Speed.  ^ — The   centrifugal 
force  acts  along  OG  and  its  moment  about  the  spindle  is 


MW  =  weight  of  revolving  parts  concentrated  at  (?; 
fl=^  radius  OG  (which  is  variable)  in  feet; 
AT  ==  number  of  evolutions  fx>r  minute. 

^liile  the  speed  of  the  shaft  is  changing,  the  above  cen- 
trifugal force  mil  be  augmented  by  a  small  amount  of  linear  and 
by  a  consitlerable  amount  of  angular  inertia. 

If  the  fly-wheel  receives  the  angular  acceleration,  u)^  the  center 
of  mass  G  receives  the  linear  acceleration  OGo;,  and  the  weight 

W  develops  the  inertia  force  I^—OGo^,  acting  along  Gi  with 

an  arm  ki  about  the  spindle  center  s.    If  this  arm  is  small  it 
b  evident  that  the  turning  moment  wiU  be  smalL 

While  the  center  of  gravity  of  the  rotating  weights  is  at  G 
if  we  take  the  polar  moment  of  inertia  of  the  mass  of  the  rotating 
weights  about  G  as  a  center  we  can  find  the  polar  radius  of 
g>Tation  by  dividing  the  polar  moment  of  inertia  by  the  mass 
and  extracting  the  square  root.  Let  MG^k  be  the  polar  rsdiu;!!  of 
gyration.     During  change  of  speed  an  angular  acceleration  equal  to 


9 


is  developeil  about  (7,  as  shown  by  the  couple  mariced  /«.  As 
indicated  in  the  figure  this  inertia  effects  acts  with  centrifugal 
force  to  hasten  the  movement  of  the  governor  bar. 


u 
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Counterbalancing. — If  the  piston,  pistonnxxiy  croes-head,  con- 
necting-rod, crank-pin,  and  crank-arms  of  an  engine  had  no  mass, 
the  engine  would  be  in  equilibrium  under  what  we  may  call  the 
static  pressures,  or  pressures  not  used  in  causing  non-uniform 
motion  of  the  engine  mechanism.  As  these  bodies  possess  mass 
and  variable  velocity,  unbalanced  forces  exist  that  cause  shaking 
or  vibration. 

Those  of  the  above-mentioned  bodies  that  have  a  motion  of 
rotation  can  be  balanced  by  other  rotating  bodies  of  proper  mass 
and  radii  of  action.  On  the  other  hand,  it  is  impossible  to  counter- 
balance any  reciprocating  mass  by  any  rotating  mass.  What  can 
be  done,  however,  is  this.  Rotating  weights  can  be  so  placed  as 
to  transfer  the  direction  of  the  unbalanced  force  from  one  plane  to 
another.  If,  for  example,  horizontal  shaking  forces  are  undesirable 
(from  lack  of  proper  means  of  absorbing  them)  by  means  of  rotat- 
ing weights,  these  forces  may  be  made  vertical. 

If  we  consider  the  connecting-rod  as  a  beam  supported  at  the 
crank-pin  and  cross-head  pin,  the  support  afforded  by  each  will  be 
inversely  proportional  to  its  distance  from  the  center  of  gravity  of 
the  rod.  This  is  true  no  matter  what  the  inclination  of  the  rod 
may  be.  It  therefore  applies  to  vertical  engines.  Therefore  (Rg. 
55) 

TF=weight  of  the  connecting-rod; 

L=length  of  the  rod  in  inches; 

a  =  distance  the  center  of  gravity  of  the  rod  is  in  inches  from 

the  cross-head; 
b  =distance  the  center  of  gravity  of  the  rod  is  in  inches  from 
the  crank-pin; 

Then  Wy  is  to  be  considered  as  a  rotating  weight  concentrated  at 

the  center  of  the  crank-pin  and  Wy  is  to  be  considered  as  a  recip- 

rocating  weight  concentrated  at  the  cross-head.     If  this  is  done 
the  connecting-rod  may  be  considered  as  liaving  no  mass. 

In  discussing  the  effect  of  the  inertia  of  the  reciprocating  parts 
on  the  distribution  of  power  we  assumed  that  the  connecting-rod 
would  have  its  weight  equally  distributed  between  the  crank-pin 
and  the  cross-head.    When  the  inertia  of  the  mass  and  not  the 
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Mght  of  the  reciprocAtiog  parts  is  conddered,  the  proper  division 

is  TT-p;,  concentrated  at  the  crank-pin  and  considered  as  a  rotating 

/       /v-\ 
b    weight,  and  [^-^  ^2}^^  concentrated  at  the  cross-head  and  con- 

F    sidered  as  a  reciprocating  weight,  K^  being  the  squared  radius  of 
gyration  of  the  rod  about  the  cross-head  axis.     In  most  cases 

-j^  =  i,  and  for  all  praetieal  purposes  may  be  so  taken.  If  the 
shaking  forces  are  desired,  it  is  a  little  more  accurate  to  use  W-j 

and  FF-^  as  the  two  divisions.      (Trans.  A.  S.  M.  E,,  Voh  XXVI.) 

Equivalent  Weight  at  the  Center  of  the  Crank- pin. — All    the 

various  rotating  weights  with  their  lever-anus  may  be  reduced 
to  one  weight  at  the  center  of  the  crank-pin.  For  example,  let 
the  crank  shown  in  Fig.  219  have  a  connecting-rod  weighing  136 


J 
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Fig.  219. 

pounds  Tvith  a  center  of  gravity  at  55%  of  its  length  from  the 
cross-head  pin. 

Weight  of  one  arm  (solid) ,  I  (1(F  X  78)  +  (lOX  10)  1 2  X  .28  -  99,68 
"       of  both  arms  =  200 

"       of  crank-pin,  9  X  V  X  7 X  .28        .  -  btj 

Moment  of  all  parts  about  the  center  of  shaft,  200X5+55x10  = 
1550.  Dividing  by  10",  the  distance  from  the  center  of  the  crank- 
pin  to  the  center  of  the  shaft »  and  we  find  that  155  pounds  concen- 
trated at  the  crank-pin  would  have  the  same  moment.  In  addi- 
tion there  is  55%  the  weight  of  the  connecting-rod  to  be  con- 
centrated at  the  same  point  or  a  total  of  155  and  75  =  230  pouiHls. 

The  above  weight  would  have  a  centrifugal  force  of  — d^* 
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At  210  revolutions  per  minute  this  would  be 

230/4x22x22x5X210x210\  _^^ 
'62  \       7X7X6X60X60       / -290011)11. 

ITT'* 
The  horizontal  shaking  force  would  be  — p-  cos  0=2900  cos  d 

and  the  vertical  shaking  force  would  be  — p-  sin  0=2900  sin  0. 

A  good  counterbalance  can  be  obtained  by  the  addition  of  wei^ts 
formed  by  prolonging  the  crank-arm  in  sin^e-  or  oveiiiung-crank 
engines  and  prolonging  both  arms  in  double-crank  arm  engines. 
The  product  of  the  added  weight  and  the  distance  of  its  center 
of  gravity  from  the  center  of  the  shaft  must  be  1550  in  the  above 
case,  or  in  general  the  product  of  the  wei^t  and  its  gravity  arm 
equals  the  sum  of  the  moments  of  all  the  rotating  wei^ts. 


Fig.  220. 

In  general,  rotating  weights  cannot  be  balanced  by  a  single 
rotating  weight,  as  it  is  not  practically  possible  to  put  the  center 
of  gravity  of  the  counterweight  in  the  plane  of  revolution  of  the 
center  of  gravity  of  the  unbalanced  weights.  For  equilibrium 
it  is  essential  that  the  moments  of  all  the  farces  exerted  by  the 
weights  about  any  axis  should  be  zero.  In  statics,  the  force 
exerted  by  a  weight  is  equal  to  the  weight;  in  dynamics,  the  force 
may  be  put  proportional  to  the  product  of  the  weight  and  its  lever- 
arm  if  the  comparison  is  restricted  to  bodies  having  the  same 
number  of  revolutions;  if  the  number  of  revolutions  of  the  bodies 
compared  diflfered,  then  their  forces  would  be  proportional  to  the 
product  of  their  weight,  their  lever-arm,  and  the  square  of  the 

number  of  their  revolutions,  as  is  apparent  from  the  formula  for 
]yy2 
'  -ifugal  force,  — y.-. 
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In  Fig.  220,  suppose  tlmt  we  wish  to  eounterbalatice  equivalent 
relgbts  W*^  and  W^  concentrated  at  the  crank-pins  of  a  compound 

fengine  having  two  cranks  at  right  angles  to  one  another.  Let 
1^*  he  balanced  by  the  weights  Wi^  and  7/'2^  placed  opposite  the 
rank-pin  as  shown.  Since  all  parts  of  the  shaft  have  the  same 
lar  velocity  the  moment  about  the  axis  of  the  shaft  is  zero 
rhen 

Jut  the  moments  of  the  centrifugal  forces  of  u?i^  and  w'2*  about 
le  rptating  axis  A'W'i*  must  also  be  zero  to  prevent  shaking 
30ut  that  a?d8. 

Similarly,  W^R^  =  wxW  4- 1£  a'rs', 


and 


u^i-ri^{a  +  b)^  u'aVaH^^^ 


The  weights  on  each  wheel  may  be  combined  into  one  weight. 
Let  Wr  be  the  desired  resultant  weight  and  Rr  its  radius  (distance 
of  its  center  of  gravity  to  the  axis  of  shaft).     Then 


The  direction  and  magnitpude  of  the  product  WrRr  can  be  easily 
obtained  by  laying  off  wi^^ri^  and  ti?iVi'  as  the  two  sides  of  a 
right  triangle  and  WrRr  will  be  the  hypothenu.se*  The  direction 
in  which  Wr  is  to  be  laid  off  on  the  wheel  is  shown  by  the  angle 
at  the  base  of  the  triangle.  In  a  similar  manner  a  single  weight 
may  be  obtained  for  the  two  w^eights  on  the  other  wjieel. 

Shaking-forces,— The  following  niethod  may  be  used  in  find- 
ing the  shaking-forces  due  to  the  inertia  of  the  reciprocating 
masses  antl  the  centrifugal  force  of  the  unbalance*!  rotating 
masses  as  represented  by  an  equivalent  weight  rotating  at  the 
crank-pin  center. 

In  Fig.  221  the  force  required  to  accelerate  the  reciproeating 
parts  in  Fig,  205  at  every  30  degrees  (to  a  different  scale)  has 
been  combined  with  an  assume*!  centrifugal  force.  The  direc- 
tion in  wliich  forces  act  is  indicatetl  by  the  order  of  the  let- 
ters. 

In  any  horizontal  engine  let  Oau  Fig.  221^  be  the  centrifugal 
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force  of  all  the  unbalanced  rotating  parte.  It  produces  a  hori- 
sontal  shaking-force  Oci  and  a  vertical  shaking-force  e\a\  it 
crank-€tngle  ooOai.  Let  aiAi  be  the  horuontal  whaking-faro 
exerted  against  the  left  cylinder-head  at  this  crank-an(^.  It  k 
equal  to  3{d'c),  Fig.  205.  Then  OAi  mdicates  the  shaking^om ik 
the  crank-angle  ooOai.  Its  horizontal  component  is  evidmtly  the 
suni  of  Oci  and  aiAi.  oqAq  and  a^^  are  equal  to  HI  nad  SI 
respectively  to  the  new  scale  (Fig.  205.) 

Suppose  counterweights  are  added  in  such  m^w^r  that  ther 
centrifugal  force  is  equivalent  to  a  force  fraO  acting  at  the  eruk- 
pin.  This  force  not  only  counteracts  the  centrifugal  force  of  tbe 
unbalanced  rotating  parts  Oa%,  but  also  aiteiB  the  horiiontal 
and  vertical  components  of  the  shaking-forces  due  to  the  ledpo- 


cating  parts.  The  amount  of  these  alterations  is  evident  when 
we  join  bi  anil  Ai,  h-z  and  -42,  etc.  For  the  previous  shaking-force 
()A\  Ls  now  to  be  combined  with  the  introduced  force  6iO,  and  the 
result  is  a  shaking-force  6i^i,  0.12  is  to  he  combined  with  62O, 
giving  fc2-'l2.  Lay  off  Ofii,  0/i2,  etc.,  parallel  to  h\Ai,  62-^2,  etc. 
Join  fio,  Ih,  JS2,  etc.  It  is  accidental  that  A2  falls  on  the  line  O61- 
It  Ls  well  to  note  the  i)eculiar  direction  taken  by  OBi  and  OBiy 
etc.,  with  reference  to  the  crank-positions  to  which  they  belong. 
The  effect  of  increasing  and  decreasing  the  value  of  h\0  should  be 
noted.  In  the  addition  of  counterwc^ights  it  must  be  remembered 
that  their  effect  varies  with  the  scpiare  of  the  revolutions.  If  a 
exists  at  one  speed  it  will  exist  at  all  speeds;  the  shaking- 
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force  only  varies  with  some  function  of  the  square  of  the  speed 
of  the  parts  out  of  balance. 

p  It  is  evident  that  these  circular  diagrams  may  be  laid  off  in 
the  following  way  also.  Rectify  the  crank-circle;  lay  f>ff  the  hori- 
zontal or  vertical  components  of  the  shaking- forces  at  right  angles 
to  the  rectified  circle  at  the  division  point  indicated  by  the  cratik 
position. 

For  a  single-crank  horizontal  engine  without  counterbalance 
the  horizontal  shaking- forces  are  a  maxim uni  at  the  ends  of  the 
stroke,  and  are  zero  just  before  and  just  after  the  90-degree  position. 

For  two  cranks  180  degrees  apart^  with  infinite  rods  the  inertia 
of  the  reciprocating  masses,  if  of  equal  weight,  would  balance  one 
another;  with  finite  rods  this  is  not  the  ease^  and  there  are  two 
maxima  anti  two  minima.  The  shaking,  however,  is  nmch  less 
than  in  the  single-crank  engine. 

For  a  triple-crank  engine  of  equal  weights  of  reciprocating 
parts  for  each  engine  the  sum  of  the  inertia  effects*  no  matter 
wliat  the  length  of  the  connecting-rod,  is  zero.  This  can  be  shown 
by  adding  fu  fi,  and  /a  in  the  following  equations  and  showing 
that  the  sum  is  zero. 

/"  ^     M  jA  cos  u^-  cos. 
yAR\  L 

h  -  ^^2(co3  (^  +12(F)  +^  cos  2{e  -hl20^)Y 

/a  =  ^(cos  {0  +240^)  +  J  cos  2{&  +240^)  I 

H  The  ordinary  form  of  two  engines  with  cranks  at  right  angles 
has  smaller  shaking-forces  than  a  single  engine  of  equal  size,  but 
greater  shaking-f(.>rces  tlian  any  of  the  other  types  mentioned.  Tlie 
shaking-force  diagrams  should  not  be  confused  with  the  tangential- 
force  ilia^ntiiis. 

Determination  of  Angular  Displacement.^To  insure  the  satis- 
factory ojx'ration  of  two  alternatiiig-ciUTcnt  generators  when  word- 
ing in  parallel,  the  maximum  amount  of  angular  va« 
placement  should  not  exceetl  2.5  degrees  of  ph^ 
the  mean  position  (shown  by  a  theoretic  ' 
uniform  velocity)  during  any  revolution. 
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Having  designed  all  the  recifHtx^ting  and  rotating  parts  and 
their  counterwei^ts,  and  having  determined  their  centers  of  grav- 
ity, it  is  necessary  to  calculate  the  phase  departure  of  an  engine 
intended  for  work  in  the  class  described  above. 


r\ 

r' 

'^^ 

v^ — 

""x 

TM.  ^ 

\V^^-CT* 

At  Top 

At  Tor 

^            ■ 

Fig.  222. 


Figs.  223,  224.    225. 

The  following  description  is  taken  from  Vol.  XXIT,  Trans. 
A.  S.  M.  E.  The  method  of  obtaining  the  crank  diagram  will  be 
omitted,  as  the  only  practical  difference  between  the  author's 
method  and  our  own  is  that  he  uses  the  total  pressure  on  the 
piston  of  each  engine,  and  we  used  the  pressure  per  square  inch  in 
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obtaining  thr  diagram  of  crank  effort.    Twelve  crank  positions 

UBtnl  as  in  Fig.  205.  Fig.  222  reprL^senis  the  imii vidua!  ami 
igs.  223-225  the  combined  cardsj  MM  lx*ing  the  line  of  mean 
effort. 

"We  will  now  consider  the  efiuivalent  mass  of  the  rotating 
parts  of  the  engine  concentrated  at  the  crank-pin,  and  as  having 
no  other  velocity  than  that  produced  by  the  positive  and  negative 
forces  represented  by  those  portions  of  the  curve  of  crank  effort  on 
eitlier  side  of  the  line  MM.  For  convenience  in  estimating  we  will 
assume  that  the  applied  force  is  unifoim  within  each  of  the  tweh^e 
spaces;  i.e*,  this  tangential  force  for  each  Bpace,  expressed  in 
pounds  above  or  below  the  normal  MM,  h  equal  to  the  mean 
height  of  each  space  above  or  below  the  line  MM  and  is  exhibited 
in  Table  A,  pag^  408. 

**  The  velocity  gained  or  lost  during  each  twelfth  of  a  revolution 
is  deduced  as  follows: 

**  Tlie  equivalent  weight  of  the  revolving  parts  at  crank  raflius 

(2,5')  equals  3,367,000  pounds.    The  velocity  of  the  crank-pin  is 

2.5^x2x3.1416x75  revs.     ,^.^,    ,  j      a    n  u 
^  19,63  feet  per  second.    As  the  number 


60 


75 


of  revolutions  per  second  equals  ^  =  1.25^  the  number  of  spaces 
traversed  per  second  equals  15,  and  the  time  for  each  space  .0667 
second. 


104,584. 


rru  r*i.  !  '  *  1    ^^     3,367,000 

The  mass  of  the  revohing  parts  cquah  — =  ^^qo^> — "^ 

Hence  77  =  J...  r .. .  =  ,000,000,637^4  equals  the  accdera- 


M    104,584 


tion  for  a  force  of  one  pound.    Therefore  t?  xP  equals  the  velocity 

gained  or  lost  during  each  interval,  as  shown  in  column  i4,  Table 
A,  page  408p 

''  Now,  if  the  velocity  of  the  pin  be  assumed  normal  at  the  begin- 
ning of  the  stroke,  the  velocity  attained  up  to  the  end  of  the  varioui^ 
spaces  ^ill  be  equal  to  the  algebraic  sum  of  the  velcK*ities  gained 
dmng  each  of  the  preceding  spaces.  The«  velocities  atUiinetl  up 
to  the  end  of  each  space  are  shown  in  oolumn  V*\  As  the  actual 
velocity  of  the  crank-pin  at  the  Iteginning  of  the  stroke  wa,^  nut 
iiomial  as  assumed^  it  becomes  nece*  '*4Ue9  of  « 
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^"  accordingly.  The  integrated  sum  of  the  velocities  above  and 
elow  nomial  attained  during  one  revolution  must  be  zero,  there- 
fon^  the  correction  to  be  applied  equals  the  algebraic  sutn  of  the 
velocities  V"  dlvdded  by  the  number  of  spaces  (twelve  in  this  c^se). 
lus  the  correctioD  is  ,033,  and  this  amount  must  be  deducted 
the  values  of  V"  in  order  to  arrive  at  the  true  velocity  attained 
^11  p  to  the  end  of  the  successive  intervals.  With  these  true  veloci- 
lies,  given  in  coluinn  V^  of  Table  A,  as  ordinates,  plot  the  curve 
of  velocity  V*  (Fig,  224),  where  BB  represents  the  mean  velocity 
of  the  pin. 

'*  From  the  curv^e  of  velocity  F'  (Fig*  221),  ascertain  the  average 
velocity  above  or  below  the  mean  velocity^  BB^  during  each  space^ 
shown  in  column  V  of  the  table.  With  these  velocities  given,  the 
space  actually  passer!  over  cluring  each  interval  can  be  readily 
calculateti  l>y  nmltiplying  the  values  of  V  by  .0667,  the  time  for 
one  space.     The  figures  in  cohmm  5"  were  deduced  in  this  way. 

'*  If  the  position  of  the  pin  be  a^umed  normal  at  the  beginning 
of  the  stroke,  its  distance  from  normal  up  to  the  end  of  the  respective 
intervals  will  be  equal  to  the  algebraic  sum  of  the  spaces  actually 
passe<i  over,  ahead  of  or  behind  the  mean  position,  during  each 
interval.  Therefore  the  figures  in  column  5'  are  equal  to  the 
integrated  sum  of  the  preceding  figures  in  colunm  iS".  As  the 
position  of  the  crank-pin  at  the  beginning  of  the  stroke  was  not 
aero,  as  assumed,  a  correction  must  be  applied  to  the  values  of  S\ 
Since  the  integrated  sum  of  the  distances  ahead  of  or  behind  the 
mean  position  must  be  equal  to  ;5ero,  the  value  of  the  correction 
is  equal  to  the  ratio  of  the  algebraic  sum  of  the  values  of  5'  to  the 
number  of  spaces.  The  value  of  the  correction  is  .0019,  and  is  to 
be  added  to  the  values  of  S*  to  get  the  true  displacement  or  dis- 
tance from  nomial  of  the  pin  at  the  end  of  each  interval,  the  figures 
for  same  being  shown  in  column  S.  Since  one  foot  corresponds  to 
22.92  degrees  of  arc,  measured  on  the  crank-pin  circle,  the  number 
of  degrees  of  arc  from  normal  equals  the  product  of  the  true  dis- 
tances in  feet  from  normal  (column  S)  by  22.92.  Tlie  number  of 
degrees  of  arc  from  nomml  <leduced  in  this  way  are  shown  in  the 
next  to  the  last  column  of  Table  A,  Finally,  as  there  are  40 
poles  on  the  generator,  there  will  be  20  cycles  or  changes  of  phase 
per  revolution,  therefore  one  degree  of  arc  equals  20  degrees  of 
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plmse^  aod  the  displacement  (shown  in  the  last  column  of  taUel 
at  the  end  of  each  interval  niay  be  calculated  by  multiplying  tW 
corresponding  degrccts  of  arc  by  20.  With  the  values  of  theiik- 
plaeement  in  degrct^s  of  phane  from  normal  as  ordinates,  the  eur?^ 
of  displacement  (Fig.  225)  was  plotted,  in  which  CC  represents  tk 
mean  position  of  the  crank-piu." 
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CHAPTER  XIV. 


STEAM-ENGINE  TESTS. 


Rules  for  Conduct mg  Steam-enguie  Tests. — Code  of  1902  A*  S. 

M*  E  *  A  larg^  part  of  this  code  haw  been  given  in  the  text 
(marked  f).     Such  parts  will  not  be  repeated. 

L  Object  of  the  T^es^— Ascertain  at  the  outset  the  specific  ob- 
ject of  the  test,  whether  it  be  to  determine  the  fulfilment  of  a 
contract  guarantee^  to  ascertain  the  highest  economy  obtainable, 
to  find  the  working  economy  and  defects  under  conditions  as  they 
exist,  to  ascertain  the  performance  under  special  conditions,  to 
determine  the  effect  of  changes  in  the  conflitions,  or  to  find  the 
performance  of  the  entire  boiler  and  engine  plant,  and  prepare 
for  the  test  accordingly. 

No  specific  ndes  can  be  laitl  down  regarding  many  of  the  prep- 
arations to  be  made  for  a  test,  so  much  depends  upon  the  local 
conditions;  and  the  matter  is  one  ^'hich  must  be  left  mainly  to 
the  good  sense,  tact,  judgment,  and  ingtnjuity  of  the  party  under- 
taking it.  One  guiding  principle  must  ever  be  kept  in  mind, 
namely,  to  obtain  tlata  which  shall  be  thoroughly  reliable  for  the 
purposes  in  view.  If  questions  of  contract  are  to  be  aHtled,  it 
is  of  the  first  importance  that  a  clear  understanding  be  had  with 
all  the  parties  to  the  contract  as  to  the  methods  to  be  pursued — 
putting  this  imderstanding,  if  necessary,  in  writing — unless  these 
are  <Jistinctly  provided  for  in  the  contract  itself*  The  preparations 
for  the  measurement  of  the  feed-water  and  of  the  various  quantities 
of  condensed  water  in  the  standard  heat-unit  test  should  be  mafle 
in  such  manner  as  to  change  as  little  as  possible  the  working 
conditions  and  temperatures  of  the  plant. 


•Trans.  A.  8.  M,  E.,  ltK)3. 
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n.  General  Condition  of  the  P&ifU.— Examine  the  eoffot  mi 
the  entire  plant  concerned  in  the  test;  note  its  general  cooMm 
and  any  points  of  design,  construction,  or  operation  which  bar  a 
the  objects  in  view.  Make  a  special  examination  of  the  vah« 
and  pistons  for  leakage  by  applying  the  working  preasureB  wHk 
the  engine  at  rest,  and  observe  the  quantity  of  steam,  if 
blowing  through  per  hour. 

If  the  trial  has  for  an  object  the  determination  of  the  hi^Mt 
efficiency  attainable,  the  valves  and  pistons  must  first  be  mads 
tight  and  all  parts  of  the  engine  and  its  auxiliaries,  and  afl  other 
parts  of  the  plant  concerned,  should  be  put  in  the  best  pooobk 
working  condition. 

The  method  of  testing  the  valves  and  pistons  for  leakage  in  i 
Corliss  engine,  or  one  in  which  the  admission-valves  can  be  opoitod 
independently  of  the  exhaust-valves,  is  as  follows:  Qose  tiie  tm 
steam-valves,  open  the  two  indicator-cocks,  and  admit  a  full  pR»* 
sure  of  steam  into  the  chest  hy  opening  the  throttle-valve.  The 
movement  of  the  starting-bar,  first  one  way  and  then  the  other, 
so  as  to  close  one  exhaust-valve  and  then  the  other,  causes  tbe 
leakage  through  the  steam-valves  to  escape  from  the  open  indicator- 
cock,  where  it  becomes  visible.  The  quantity  of  leakage  is  judged 
by  the  force  of  the  current  of  steam  blowing  out. 

To  test  the  exhaust-valves  and  piston,  the  best  method  is  to 
block  the  fly-wheel,  so  that  the  piston  will  be  at  a  short  distance 
from  the  end  of  the  stroke,  and  turn  on  the  steam.  The  leakage 
escapes  to  the  exhaiLst-pipe,  and  can  be  observed  at  the  open 
atmospheric  outlet.  If  the  outlet  is  not  visible,  and  there  is  a 
valve  in  the  exliaust-pipe,  this  can  be  shut  and  the  indicator- 
cock  opened,  thereby  deflecting  the  steam  which  leaks  and  causing 
it  to  appear  at  the  indicator-cock.  In  the  case  of  a  condensing 
engine  where  no  atmospheric  pipe  is  provided,  and  there  is  no 
op(»ning  that  can  l)e  made  in  the  exhaust-pipe  in  front  of  the 
condcuiser,  some  id(*a  can  be  obtained  in  regard  to  the  amount  of 
leakage^  by  observing  how  rapidly  the  condenser  is  heated.  It  is  well 
to  make  these  tests  with  the  piston  in  different  positions  so  as 
to  cover  the  whole  range  of  the  length  of  the  stroke. 

Another  but  more  approximate  method  of  testing  leakage  is 
called  the  "time  method/'    Instead  of  observing  the  steam  that 
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actually  blows  through  the  valves  or  pistons  to  be  tested,  they  are 
subjected  to  full  steam-pressure,  and  when  the  parte  are  thoroughly 
heated,  the  throttle-valve  is  shut  and  the  length  of  time  observed 
which  is  required  for  the  pressure  to  disappear.  In  testing  the 
piston  and  exhaust-valve4>,  the  fly-wheel  Is  blocked  as  before,  and, 
preferably,  an  indicator  is  attached,  and  a  line  drawn  on  a  blank 
card  at  intervals  of,  say,  one-quarter  of  a  minute  after  the  valve 
is  shut,  thereby  making  a  record  of  the  fall  of  pressure.  In  a  tight 
engine  the  fall  of  pressure  Is  slow,  whereas  in  a  leaky  engine  it 
is  sometimes  very  rapid.  The  reJative  condition  of  the  engine 
as  compared  with  a  tight  engine  must  be  judged  by  an  observer, 
who  nmst,  of  course,  have  had  experience  in  tests  of  this  kind  on 
engines  in  various  conditions. 

The  leakage  of  a  piston  can  always  be  determined  by  removing 
the  cylinder-heatl  antl  observing  what  blows  through  the  open 
end  with  the  pressure  of  steam  behind  it.  The  advantage  of  the 
*Uiiiie  method"  i^  that  it  saves  the  labor  and  time  required  in 
removing  the  cylintler-head  and  replacing  it,  which,  in  cases  of 
large  engines^  is  consiilerable. 

Leakage  tests  of  single- valve  engines  cannot  be  made  as  satis- 
factorily as  those  of  the  Corliss  type  and  other  four- valve  engines. 
Tlie  best  that  can  be  done  as  regards!:  the  valve  is  to  place  it  at  or 
near  the  center  of  its  travel,  covering  both  ports,  and  then  make 
the  test  untler  full  pressure.  The  valve  and  piston  can  be  te^sted 
as  a  whole  by  blocking  the  fly-wheel  antl  opening  the  throttle- 
valve  in  the  same  way  as  in  other  engines. 

In  testing  comfxjund  engines  for  leakage,  the  work  is  somewhat 
simplifie<l  in  case  of  any  one  cylintler  as  compared  with  a  single 
engine.  For  exaniple,  leakage  of  the  high-preseure  cylinder  can 
\}e  revealed  by  c^pening  the  indicator-cock  on  the  proper  end  of 
the  low-pressure  cylinder,  the  steam-valve  of  that  cylinder  l^eing 
open.  The  test  of  leakage  of  the  low-pressure  exhaust- valves 
and  piston  when  the  *'time  method '*  h  used  can  be  based  on  the 
indications  of  the  receiver  gage  instead  of  using  an  indicator. 
In  that  case  the  fall  of  pressure  due  to  leakage  is  read  from  the 
gage. 

The  tests  thus  far  referred  to  are  quahtative,  and  not  quantita- 
tive.   It  is  practical  in  some  cases  to  determine  the  quantity  of 
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leakage  under  any  get  of  conditions  by  collecting  the  steam  ^diich 
passes  through,  condensing  it  and  weighing  it.  This  can  be  readily 
done  when  there  is  a  surface  condenser,  and  it  can  be  done  in  the  ab- 
sence of  such  a  condenser  by  attaching  a  small  pipe  to  the  exhaust 
and  carrying  the  steam  which  escapes  into  a  tank  of  water  and 
condensing  it.  How  much  dependence  can  be  placed  upon  the 
results  of  such  a  quantitative  test  as  shoeing  the  actual  quantity 
of  leakage  which  occurs  when  the  valves  and  pistons  are  in  motion 
must  be  left  to  the  judgment  of  the  person  who  makes  the  test. 

When  full  information  is  desired,  it  is  well  to  test  the  valves 
and  pistons  in  several  different  positions,  so  as  to  cover  the  whole 
range  of  action. 

In  Corliss  engines  the  leakage  of  the  piston  with  the  engine 
in  operation  can  be  observed  by  removing  the  cylinder-head, 
disconnecting  the  steam-  and  exhaust-valves  at  the  head  end,  and 
setting  the  engine  to  work  with  steam  admitted  at  the  crank  end. 

III.  Dimensions,  etc. —  Measure  or  check  the  dimensions  of 
the  cylinders  in  any  case,  this  being  done  when  they  are  hot.  If 
they  are  much  worn,  the  average  diameter  should  be  determined. 
Measure  also  the  clearance,  which  should  be  done  if  possible  by 
filling  the  spaces  with  water  previously  measured,  the  piston 
being  placed  at  the  end  of  the  stroke.  If  the  clearance  cannot 
be  measured  directly,  it  can  be  determined  approximately  from 
the  working  drawings  of  the  cylinder. 

Measure  also  the  dimensions  of  auxiliaries  and  accessories, 
also  those  of  the  boilers  so  far  as  concerned  in  attaining  the  objects. 
It  is  well  to  supplement  these  determinations  with  a  sketch  or 
sketches  showing  the  general  features  and  arrangement  of  the 
(lifTerent  parts  of  the  plant. 

To  measure  the  clearance  by  actual  test,  the  engine  is  caref  illy 
set  on  the  center,  with  the  piston  at  the  end  where  the  measurement 
is  to  be  taken.  Assuming,  for  example,  a  Corliss  engine,  the  best 
method  to  pursue  is  to  remove  the  steam-valve  so  as  to  have 
access  to  the  whole  steam-port,  and  then  fill  up  the  clearance  space 
with  water,  which  is  poured  into  the  open  port  through  a  funnel. 
The  water  is  drawn  from  a  receptacle  containing  a  sufficient  quan- 
tity which  has  previously  b(»en  measured.  When  the  whole  space, 
including  the  port,  is  completely  filled ,  the  quantity  left  is  measured, 
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and  the  difference  shows  the  amount  which  has  been  poured  in. 
The  measurement  can  be  most  easily  made  by  weighing  the  water 
and  the  correspcmding  volume  determined  by  calculatitm^  making 
proper  allowance  for  its  temperature.  The  proportion  required 
is  the  volume  in  cubic  inches  thus  found,  divided  by  the  volume 
of  the  piston  displacement,  also  in  cubic  inches,  and  the  result  ex- 
pressed as  a  decimal.  In  this  test  care  should  be  taken  that  no 
air  is  retaineil  in  the  clearance  space  when  it.  is  filled  with  water. 

The  only  difficulty  which  arises  in  measuring  the  clearance  in 
this  way  is  that  occurring  when  the  exliaust-valves  and  pLsUin  are 
not  tight,  so  tliatj  m  the  wat^r  h  jxaured  in,  it  flow:]  awa^^  and  is 
lost*  If  the  leakage  is  seritius,  no  satisfactory  measurement  can  be 
made,  and  it  is  better  to  depend  upon  the  volume  calculated  from 
the  drawing.  If  not  too  serinus^  however,  an  allowance  can  be 
made  by  carefully  observing  the  length  of  time  consumed  in  pour- 
ing in  the  water;  then,  after  a  portion  of  the  water  lias  le^iketl  out, 
fill  up  the  space  again,  taking  the  time,  and  measuring  the  quantity 
thus  added,  <leterinining  in  tliis  way  the  rate  at  which  the  leakage 
occurs.     Data  will  thas  be  obtained  for  the  desired  correction. 

IV.  Coat — When  the  trial  involves  the  complete  plant,  embrac- 
ing boilers  as  well  as  engines,  determine  the  character  of  coal  to  be 
use^i.  The  class,  name  of  the  mine,  Bize,  Jnolsture,  and  quaUty  of 
the  coal  should  l>e  stated  in  the  report.  It  is  desirable,  for  pur- 
poses of  comparison,  that  the  ctml  should  be  of  some  recognized 
standard  quality  for  the  locality  where  the  plant  is  situated. 
For  New  England  and  that  portion  of  the  country  east  of  the 
Alleghany  Mountains  good  anthracite  egg  coal  containing  not 
over  10%  ash,  and  st^mi-biturninous  Clearfield  (Pa.),  Cumberlantl 
(M(L) ,  and  Pocahontas  (Va.)  coals  are  thus  regarded.  West  of  the 
Alleghany  Mountains/ Pocahontas  (Va.)  and  New  River  (W,  Va.) 
8emi-bitununou3  and  Yougliiogheny  or  Pittsburg  bituminous  coals 
are  recognized  as  standards, 

V.  Cabbralion  of  Imiiruments, — All  instruments  and  apparatus 
should  Ije  calibrated  and  their  reliability  and  accuracy  verified  by 
comparison  with  recogni?.e<l  standarcis.  Such  apparatus  as  is 
liable  to  change  or  become  broken  during  a  test,  as  gages,  indicator- 
springs,  and  thermometers,  should  be  calibrate<^l  before  and  after 
the  test.    The  accuracy  of  scales  should  be  verified  by  standard 
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-weights.  When  a  water-meter  is  used  apeeial  attention  shoiiUk 
given  to  its  calibration,  verifying  it  both  before  and  after  the  tnl 
and,  if  possible,  during  its  progress,  the  conditions  in  regud  li 
water-pressure  and  rate  of  flow  being  made  tiie  same  in  the  cdh 
brations  as  exist  throu^out  the  trial. 

(a)  Gages.  For  pressures  above  the  atmo8{dhere,  one  of  tk 
most  convenient,  and  at  the  same  time  reliable,  staikbrds  is  tk 
dead-weight  testing  apparatus  which  is  manufactured  by  maqr 
of  the  prominent  gage-makers.  It  consists  of  a  vertical  plupgir 
nicely  fitted  to  a  cylmder  containing  oil  or  gljrceriney  flirou|^  tk 
medium  of  which  the  pressure  is  transmitted  to  the  gage.  Tk 
plunger  is  surmounted  by  a  circular  stand  on  ^liiich  ^wejg^ts  mi 
be  placed,  and  by  means  of  which  any  desired  preflsure  can  be 
secured.  The  total  weight,  in  pounds,  on  the  plunger  at  any  tinie^ 
divided  by  the  average  area  of  the  plunger  and  of  the  budong 
which  receives  it,  in  square  inches,  gives  the  pressure  in  poundB 
per  square  iach. 

Another  standard  of  comparison  for  pressure  is  the  merony 
column.  If  this  instrument  is  used,  assurance  must  be  had  thit 
it  is  properly  graduated  with  reference  to  the  ever-varying  kto- 
point,  that  the  mercury  is  pure,  and  that  the  proper  correction  is 
made  for  any  diflference  of  temperature  that  exists,  compared  with 
the  temperature  at  which  the  iristruinent  was  graduated. 

For  pressures  below  the  atmosphere  an  air-pump  or  some  other 
means  of  producing  a  vacuum  is  recjuired,  and  reference  must  be 
made  to  a  mercury  gage.  Such  a  gage  may  be  a  U  tube  having  a 
length  of  30  inches  or  so,  with  both  arms  properly  filled  with 
pure  mercury. 

(6)  Thermometers.  Standard  thermometers  are  those  which 
indicate  212°  F.  hi  steam  escaping  from  boiling  water  at  the 
normal  barometrical  pressure  of  29.92  inches,  the  whole  stem  up 
to  the  212-(legree  point  being  surrounded  by  the  steam;  and 
wliich  indicate  32°  F.  in  melting  ice,  the  stem  being  likewise  com- 
I)Ietely  immersed  up  to  the  82-(legree  point,  and  which  are 
calil)rate(l  for  points  beyond  and  l)etween  these  two  reference 
points.  We  recommend,  for  temperatures  between  212®  and  40(f 
F.,  that  the  comparison  of  the  thermometer  be  made  with  the 
temperature  given  in  Regnault's  Steam  Tables,  the  method  required 
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^ing  to  plac^  it  in  a  mercury  well  surrounded  by  saturatect  steam 
under  sufRcient  pressure  to  give  the  desired  temi>erature.  The 
pressure  should  be  accurately  deterruined,  as  pointed  'out  in  sec- 
tion (o),  and  the  thermometer  shfjuld  be  inmiersed  to  the  same 
extent  a^  it  is  under  its  working  condition. 

Thermometers  in  practice  are  seltlom  used  with  the  stems 
fully  inmiersed,  consequently  when  they  are  compared  with  the 
standard  the  comparison  should  be  made  under  like  conditions^ 
and  practically  under  the  working  conditions,  whatever  those 
happen  U*  Ix^ 

If  pyrometers  of  any  kind  are  used,  they  should  be  compared 
with  a  mtjTcury  thermometer  within  its  range,  and  if  extreme 
accuracy  is  required,  with  an  air-thermoincter,  or  a  standard 
basetl  tliereon,  at  higher  points,  care  toeing  taken  that  the  medium 
surrounding  the  pyrometer,  be  it  air  or  liquid,  is  of  the  same  uni- 
form tcm|icrature  as  that  surrouniling  the  standard, 

(c)  Indicator-springs.     See  text. 

(d)  Water-meters.  A  good  method  of  calibrating  a  w^ater- 
meter  w-  the  following,  reference  being  made  to  Fig.  226: 

Two  tees,  A  and  B,  are  placed  in  the  feed-pipe,  and  between 
them  two  valves,  C  and  D.  The  meter  is  connected  between  the 
outlets  of  the  tees  A  and  B.  The  valves  E  and  F  are  placed  one 
on  each  sirle  of  the  meter,  Wien  the  meter  is  running,  the  valves 
E  antl  F  are  opened,  and  the  valves  C  and  D  are  closed.  Should 
an  accident  happcji  to  the  meter  during  the  test,  the  valves  E 
and  F  may  be  closed  and  the  valves  C  and  D  opened,  so  as  to 
allow  I  lie  feed-wat^r  {<}  flow  directly  into  the  boiler.  A  small 
bleeder,  6\  is  placed  between  the  valves  C  and  I>,  The  valve  O 
is  opened  when  the  valves  C  and  D  arc  closefl,  in  order  to  make 
sure  that  there  is  no  leakage.  A  gage  is  attached  at  //.  When 
the  niet^r  is  testetl,  the  valves  C,  .D,  and  F  are  closed  and  the 
valves  E  and  f  are  opened.  The  water  flows  from  the  valve  / 
to  a  tank  placed  on  wcighing-seales.  In  testing  the  meter  the 
feed-pum|>  is  run  at  the  normal  speerl,  and  the  water  leaving  the 
meter  is  throttled  at  the  valve  /  until  the  pressure  show^n  by  the 
gage  H  is  the  same  as  that  indicated  when  the  meter  is  nmning 
under  the  normal  conditions.  Ttie  piping  leadinir  from  the  valve 
/  to  the  tank  is  arranged  with  a  swinp 
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of  a  loosely  fitting  elbow,  so  that  it  can  be  readily  turned  into  the 
tank  or  away  from  it.  After  the  desired  pressure  and  speed 
have  been  secured,  the  end  of  the  pipe  is  swung  into  the  tank  the 


Fig.  220. 

instant  that  the  pointer  of  tho  meter  is  opposite  some  graduation 
mark  on  the  dial,  and  the  water  continues  to  eini^ty  into  the 
tank  while  any  (l(*sire<l  numl)er  of  even  euhio  feet  hrc  disehargnl, 
after  whieli  the  pipe  i^  swun^  away  from  the  tank.  The  tests 
should  he  made  by  starting  and  stopping  at  the  same  graduation 
mark  on  the  meter  dial,  and  eontinu<M[  until  at  least  10  or  20  eubic 
feet  are  discliarged  for  one*  test.  The  water  eollected  in  the  tank  is 
then  weighed. 

The'  water  passing  th(^  nutter  should  always  he  under  pressure 
in  order  that  any  air  in  the  meter  may  he  discharged  through 
tlie  vents  ])rovide(l  for  tliis  ])urp()se.  Care  should  he  taken  that 
tliere  is  no  air  contained  in  tlie  fecnl-water.  Should  the  feed- 
water  pump  draw  from  a  hot-well,  the  height  of  the  water  in  the 
hot-well  must  n(^ver  he  as  low  as  the  suction-pipe  of  the  pump. 
In  case  the  speed  of  the  feed-pmnp  cannot  he  regulated,  as  occurs 
in  some  cases  where  it  is  driven  directly  from  the  engine^?,  a  by- 
pass should  he  conni^'ted  with  tlie  ])i])e  leading  from  the  pump 
to  allow  some  of  the  water  to  flow  hack  into  the  hot-well,  if  the 
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ip  lowers  the  water  in  tht*  hut-well  beyond  a  given  mark, 
meter  should  be  tested  both  before  and  after  the  engine 
trial,  and  several  tests  of  the  meter  should  be  made  in  eaeh  ease 
in  order  to  obtain  confirmative  res^nlts.  It  Ls  well  to  make  pre- 
linunary  tests  to  deteniiine  whether  the  meter  works  satisfactorily 
before  connecting  it  up  for  an  engine  trial.  The  result^^  sliould 
agree  with  eaeh  other  for  two  widely  different  rate^  of  flow, 

VL  linkages  of  Steam ^  Water,  €tc.^.n  all  test<s  except  those 
of  a  complete  plant  made  under  conditions  as  they  exists  the 
boiler  and  its  comiections,  both  steam  and  feed^  as  also  the  steam- 
piping  leading  to  the  engine  and  its  connections,  should^  so  far 
as  possible,  be  made  tight.  If  absolute  tightness  cannot  be 
obtained  (in  point  of  fact  it  rarely  can  be),  proper  allowance  should 
be  made  for  such  leakage  in  determining  the  steam  actually  con- 
sumed by  the  engine.  This,  however,  is  not  required  where  a 
surface  condenser  is  used  and  the  water  consumption  is  determined 
by  measuring  the  discharge  of  the  air-pump.  In  such  cases  it  is 
necessary  to  make  sure  that  the  condenser  is  tight,  both  before 
aufl  after  the  test,  again^tt  the  entrance  of  circulating  water,  or 
if  such  occur??  to  make  proper  corrt^ction  for  it,  determining  it 
under  the  working  difference  of  pressure.  Should  there  be  exces- 
sive leakage  of  the  condenser  it  should  l>e  remeilied  Ijefore  the  test 
is  made,  ^^'hen  the  steam  consumption  is  tletemdned  by  measur- 
ing the  discharge  of  the  air-pump,  any  leakage  about  the  valve 
or  piston-rods  of  the  engine  should  lie  carefully  guarded  against. 

Make  sure  that  there  is  no  leakage  at  any  of  the  connections 
with  the  apparatus  provitietl  for  measuring  and  supplying  the  feed- 
w^ater  which  could  affect  the  results.  All  connections  should,  so 
far  as  |x:>saible,  l>e  visible  and  be  blanked  off^  and  where  this  cannot 
be  done,  satisfactory  assurance  should  be  obtained  that  there  is 
no  leakage  either  in  or  out. 

It  is  not  always  necessary  to  blank  off  a  connecting-pipe  to 
make  sure  that  there  is  no  leakage  through  it.  If  satisffictory 
assurance  can  be  had  that  there  is  no  chance  for  leakage,  this  is 
sufficient.  For  example,  where  a  straightway  valve  is  used  for 
cutting  off  a  connecting  pipe,  and  this  valve  has  double  scats  with 
a  hole  in  the  bottom  between  theni,  this  being  provided  with  a 
plug  or  pet-cock,  asstirance  of  the  'tightness  of  the  valve  when 
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closed  can  be  had  by  removing  the  plug  or  opening  the  eocL 
Likewise,  if  there  is  a  drain-pipe  beyond  the  valve,  the  fact  that  m 
water  escapes  there  is  sufficient  evidence  of  the  tightness  (rf  tbe 
valve.  The  main  thing  is  to  have  positive  evidence  of  the  tidi- 
ness of  the  connections,  such  as  may  be  obtained  by  the  means 
suggested  above;  but  where  no  positive  evidence  can  be  obtained, 
or  where  the  leakage  that  occurs  cannot  be  measured,  it  is  of  the 
utmost  importance  that  the  connections  should  be  broken  and 
blanked  off. 

Leakage  of  relief-valves  which  are  not  tight,  drips  from  faaps, 
separators,  etc.,  and  leakage  of  tubes  in  the  feed-water  heater  must 
all  be  guarded  against,  measured,  and  allowed  for. 

It  is  well,  as  an  additional  precaution,  to  test  the  ti^tness  of 
the  feed-water  pipes  and  apparatus  concerned  in  the  measurement 
of  the  water  by  running  the  pump  at  a  slow  speed  for,  say,  fifteen 
minutes,  having  first  shut  the  feed-valves  at  the  boilers.  T^flftlcjiy 
will  be  revealed  by  the  disappearance  of  water  from  the  supply-tank. 
In  making  this  test,  a  gage  should  be  placed  on  the  pump  discharge 
in  order  to  guard  against  undue  or  dangerous  pressure. 

To  determine  the  leakage  of  steam  and  water  from  a  boiler  and 
steam-pipes,  etc.,  the  water-gage  glass  method  may  be  satisfactorily 
employed.  This  consists  in  shutting  off  all  the  feed-valves  (wluch 
must  be  known  to  be  tight)  or  the  main  feed-valve,  thereby  stop- 
ping absolutely  the  entrance  or  exit  of  water  at  the  feed-pipes  to 
the  boilers  then  maintaining  the  steani-pressurc  (by  means  of  a 
very  slow  fire)  at  a  fixed  point,  which  is  approximately  that  of  the 
working  pressure  and  observing  tlie  rate  at  which  the  water  falls 
in  the  gage-glasses.  It  is  well  in  this  test,  as  in  other  work  of  tliia 
character,  to  make  observations  every  ten  minutes,  and  to  con- 
tinue them  for  such  a  length  of  tune  that  the  differences  between 
successive  readings  attain  a  constant  rate.  Generally  the  condi- 
tions will  have  become  constant  at  the  expiration  of  fifteen  minute? 
from  the  time  of  shutting  the  valves,  and  thereafter  the  fall  of 
water  due  to  leakage  of  steam  and  water  becomes  approximately 
constant.  It  is  usually  sufl^cient  after  this  time  to  continue  the 
test  for  one  hour,  thereby  taking  six  ten-minute  readings.  AVhen 
this  test  is  finished,  the  amount  of  leakage  is  detennined  by  calcu- 
lating the  volume  of  water  which  has  disappeared,  using  the  area 
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of  the  water- level  and  the  depth  shown  on  the  glass,  making  due 
allowance  for  the  weight  of  one  cubic  foot  of  water  at  the  observed 
temperature.  If  possible,  the  gage-gla38  for  this  test  should  be 
attacherl  elose  to  the  boiler. 

If  there  is  opportunity  for  umcli  condensation  to  occur  and 
collect  in  the  steam -pi  j^e  during  the  leakage  test,  the  quantity 
should  be  determined  as  closely  as  desirable  and  properly  allowed 
for. 

In  making  a  test  of  an  engine  where  the  st^am  consumption  is 
determined  from  the  amount  of  water  discharged  from  a  surface 
condenser,  leakage  of  the  [>iston-roLls  and  valve-rods  should  be 
guarded  against;  f(jr  if  these  are  excessive ^  the  te^t  is  of  little  use, 
as  the  leakage  consists  partly  of  ste^m  that  has  already  done  work 
in  the  cylinder  and  of  water  condense*  1  from  the  steam  when  in 
contact  with  the  cylintler.  If  such  leakage  cannot  be  prevented, 
some  allowance  should  be  made  for  the  quantity  thus  ktst.  The 
weight  of  water  as  shown  at  the  condenser  must  be  increased  by 
the  quantity  allowed  for  this  leakage. 

VI L  Duraium  of  TeM. — The  duration  of  a  test  should  depend 
largely  upon  its  character  and  the  objects?  in  \iew.  The  standard 
heat  test  of  an  engine,  and  likewise  a  test  for  the  simple  determina- 
tion of  the  feed^watcr  consumption,  should  be  continued  for  at 
least  five  hours,  unless  the  class  of  service  precludes  a  continuous 
noi  of  such  duration.  It  Is  desirable  to  prolong  tlie  ta^t  the 
number  of  liours  stated  to  ol^tain  a  number  of  consecutive  hourly 
records  as  a  guide  in  analyzing  the  reliability  of  tlie  whole* 

Where  the  water  discharged  from  the  surface  contlenser  is 
measured  for  successive  short  intervals  of  time^  and  the  rate  is 
found  to  be  uniform,  the  test  may  be  of  a  much  shorter  duration 
tiian  where  the  feed-water  is  measured  to  the  boiler.  The  longer 
the  ie^t  with  a  given  set  of  conditions,  the  more  accurate  the 
work,  and  no  test  .^^houlrl  be  m  short  that  it  cannot  be  divided  into 
several  intervals  which  will  give  residts  agreeing  substantially  with 
each  other. 

The  commercial  test  of  a  complete  plant,  embracing  boilers  as 
well  as  engine,  should  continue  at  least  one  full  day  of  twenty-four 
hours,  whether  the  engine  m  in  motion  during  the  entire  time  or 
not.    A  continuous  coal  test  of  a  boiler  and  engine  should  be  of  at 
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Iriv^:  *rri  h'lr^'  •i-irari'-.n  or  the  iMares:  mJcxple  o£  the  hian! 

VIII.   <•.--.. r.; ':v:r  5*' T'^'-'^  ^  7"^-^. — *<3'  Stattiari  H^ai  Tes; 
ar.  [  Y'r^i'^i'^r  T-^*  '^f  Er:gix^.    The  engine  hAvin^  been  brxizbx 
!'•  'h-  r.-'.r::^  c- r.  ii'KTi  -.:   mnning.  an- 1   operateil   &  f:j5cieiii 
V-ziZ'h  • :  -i::.-  ''^-  v-  -h  .r-^igrJy  hrateil  in  all   it.s   part;?,  an-l  the 
■  :i-A.--:rir4r-ap!iara*':.7  ?i^\iri£  be^n  aiijustei  aibl  sec  to  work,  the 
h'  igh*   'A  wu'T  ;:i  •:i-  e:»e-ebri^?s  of  the   b«?iler?  L?  Cih^erveti 
:;.,-  ,i..p*h  ^r.  ".ri**-."  ir:  -h*-  r^r^ervo'ir  from  which  the  feeti-water  is 
?':r  pli'-l  i-  l  .-^-i.  'ri»-  fxiir^'   time  of  «Jay  is   obeervei.  and  the 
t»-T  h*!'l  TO  r'f,ii.r:it.iifc    TTi^-reaiter  the  measurecnezits  iletermined 
ufK»n  for  th'-  Tf-T^r  an-  Jy-jrin  an*l  carrie»l  forward  until  it*  close. 
If  pra^tif-ahN'.  the  t^.-t  may  h»e  ry^mmenced  at   some  even  hM 
or  iiiiriiito.  h'lt  ir  i-;  of  th^-  fir.-t  imf>«,»rtance  to  bc^in  at  such  time 
a<  ffliahlf-  obr/-r\'aMorir  of  the  water  heights  are  obtaineil  wiiat- 
cvfT  thf*  f'xa^-t  tirii^:  hai»f^ri.-  to  l>e  when  these  are  satisfactorily 
<\<*{orui\ufd.     Whf-u  th'-  time  for  the  close  of   the   test   arrives, 
thf-  watf-r  -houM.  if  yKi-sihU*.  Ix'  brought  to  the  same  height  in 
thf»  pla-M--  an^l   to  th'-  ^amo  <lepth  in  the  feed-water  resen'oir 
a<  at  tin-  h^-friniiinc  'I'-layiiiir  tIk-  f-r »nf-hision  of  the  test  if  necessary 
\n  l.riii^r  ;iK'>i»  tlii-  Mr.':ilari^y  r.f  r-nn«litioa-.     If  <.liflference<  occur 

('-.iT'-  -\i'>'\]  i  ],f  i.-ii-.f-r.  iri  r-:i<«-  \vh»T»'  tho  activity  of  conibusti' r. 
in  tti<-  Ijoilcf  iirri;i''''-  ari''^'<-  th*-  li«-ii:ht  ('f  water  in  the  paee-frlas.H^ 
:li:it  th^-  -;ir[i'-  ^•^.n'ii'i'^ii  "i"  fin*  mii<1  «lrafts  are  operating  at  uiie 
tifiif  ;i>  ;j*  til'-  ntli«T.  J'or  tlii<  n-a-oii  it  is  l>est  to  start  an<i  st-^p 
a  tf'-i  \\"rlj"'ji  uiu-vu-nw'j:  with  tlir  roiriilarity  of  the  ojx^ration  «.»i 
ill.'  f«-r'<|-|,Mriip.  |.rnvi-l«-<l  thr-  lattf-r  may  bo  re<]:iilatecl  to  run  so  as 
lo  Mif.plv  til'-  ff-rwI-wat'T  at  a  uiiifnriu  rate.  In  some  cases  where 
tlif'  Mipi'lv  nf  fr-frl-waWT  i-  irn'irular.  as,  for  example,  whore  :in 
iiij.-r-tor  i-  ii-<-'l  of  a  lar^^T  (•a})acity  tlian  is  rocjuirod,  the  su[>ply 
(.f  ff'r'<l-\vatr  r  -liould  br'  tr'iiij)()rarily  shut   off. 

It  i  important  to  ns(»  ^n-at  oarc  in  oi)taiiiing  the  average  height 
of  water  in  tlif  ^la><es,  takiiif^  sulhciont  time  to  satisfactorily 
judp'  r,f  ilif  full  extent  of  tlie  fluetiiation  of  the  wator-liuo  an-i 
thereby  its  mean  position.  It  is  important  also  to  refrain  from 
blowin<:  ofT  the  water  column  «»r  its  connc^cting  pipes  either  durin-:: 
the  i)rof^ress  of  the  test  or  for  a  period  of  an  hour  or  more  prior 
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to  itPf  begijining.    Such  blowing  off  changes  the  temperature  of 
the  water  witliin  and  thereby  affects  its  specific  gravity  and  height. 

B      To  mark  the  height,  of  water  in  a  gage-glass  in  a  convenient  way, 

Hn  paper  scale  mounted  on  wood  and  divided  into  tenths  of  inches 

"may  be  placed  behind  it  or  at  iLs  side, 

{h)  Complete  Boiler  and  Engine  Test,  For  a  continuous 
running  test  of  combined  engine  or  engiJiea,  and  boiler  or  boilers, 
the  same  directions  apply  for  beginning  and  en<Ung  the  feed*water 
nieasurement8  as  tlxat  just  referred  to  under  section,  (a).  The 
time  of  beginning  and  ending  such  a  test  should  be  the  regular 
time  of  cleaning  the  fires,  and  the  exact  time  of  beginning  and 
ending  should  be  the  time  when  the  fires  are  fully  cleaned,  just 
preparatory  to  putting  on  frenh  coal.  In  cases  where  there  are 
a  number  of  boilers,  and  it  is  inconvenient  or  undesirable  to  clean 
all  Uie  tires  at  once^  the  time  of  beginning  the  test  should  be 
deferretl  until  they  are  all  cleaned  aiuL  ifi  a  satLsfact-ory  state ^ 
aU  the  tires  being  then  burned  du%vti  to  a  uniformly  thin  contlition, 
the  tliickness  and  condition  being  estimateti  and  the  test  begun  just 
before  firing  the  new  coal  previously  weighed.  The  ending  of  the 
te^t  \b  UkewLse  deferred  until  all  the  fires  are  satisfactorily  cleaned, 
being  again  burned  down  to  the  same  uniformly  thin  condition 
as  before,  and  the  time  of  closing  being  taken  just  before  replenish- 

^ing  the  fires  with  new  coaL 

PB  For  a  commercial  test  of  a  combined  engine  and  boiler,  whether 
the  engine  runs  continuously  for  the  fiUl  twenty  four-hours  of  the 
day  or  only  a  portion  of  the  time,  the  fires  in  the  boilers  being 
banked  during  the  time  when  the  engine  is  not  in  motion,  t  he  begin- 
ning and  entling  of  the  test  should  occur  at  the  regular  time  of 
cleaning  fires,  the  method  followed  being  that  already  given.  In 
cases  where  the  engine  is  not  in  continuous  motion,  as,  for  example, 
in  textile  milLs^  w^here  tlie  working-time  is  ten  or  eleven  hours  out 
of  the  twenty-foiu*,  and  the  fires  are  cleanefl  and  banked  at  the 
close  of  the  day's  wTjrk,  the  best  time  for  starting  ami  stopping  a 
test  is  the  time  just  before  banking,  when  the  fires  are  well-byrned 
down  and  the  thickness  and  condition  can  be  tiiost  sati^^factorily 
judged.  In  these,  as  in  all  other  ca^es  noted,  the  test  should  be 
begun  by  observing  I  he  exact  time,  the  thickness  and  condition 
of  the  fires  on  the  grates^  the  height  of  water  in  the  gage-glasses  of 
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the  boilers,  the  depth  of  water  in  the  reservoir  from  which  the 
feed-water  is  supplied,  and  other  conditions  relating  to  the  trials 
the  same  observations  being  again  taken  at  the  end  of  the  test, 
and  the  conditions  in  all  respects  being  made  as  nearly  as  possible 

the  same  as  at  the  beginning. 

IX.  Measurement  of  Heai-uniis  Consumed  by  the  Engine. — ^The 
measurement  of  the  heat  consumption  requires  the  measurement 
of  each  supply  of  feed-water  tp  the  boiler,  that  is,  the  water 
supplied  by  the  main  feed-pump,  that  supplied  by  auxilian' 
pumps,  such  as  jacket-water,  water  from  separators,  drips,  etc., 
and  water  supplial  by  gravity  or  other  means;  also  the  deter- 
mination of  the  temperature  of  the  water  supplied  from  each 
source,  together  with  the  pressure  and  quaUty  of  the  steam. 

The  temperatures  at  the  various  points  should  be  those  apply- 
ing to  the  working  conditions.  The  temperature  of  the  feed- 
water  should  be  taken  near  the  boiler.  This  causes  the  engine 
to  suffer  a  disadvantage  from  the  heat  lost  by  radiation  from 
the  pipes  which  carry  the  water  to  the  boiler,  but  it  is,  never- 
theless, advisable  on  the  score  of  simplicity.  Such  pipes  would 
therefore  be  considered  a  portion  of  tlu^  engine-plant.  This  con- 
forms with  the  rule  alrejidy  recomniondcKl  for  the  tests  of  pumping- 
('n<i;im*s,  where  the  duty  j)er  million  heat-units  is  comput<\l  from 
the  teini)erature  of  the  fecvl-water  taken  near  the  boiler,  il 
friM[iieiitly  happens  that  the  ineasuri^inent  of  the  water  reijuires 
a  change  in  th(*  usual  temperature^  of  supply.  For  example, 
whcrt^  the  main  su|)|)ly  is  ordinarily  drawn  from  a  hot-well,  in 
which  the  teinperalure  is,  say,  100°  F.,  it  may  be  necessary, 
owiutz;  to  the  low  level  of  the  well,  to  take  the  supply  from  some 
source  under  a  ])ressur(*  -or  head  suilicient  to  fill  the  weic^hini^- 
tankr;  used,  and  this  su})])ly  nj^ay  have  a  temperature  much  below 
that  of  the  hot-well,  possibly  as  low  as  10°  F.  The  temperature 
to  be  used  is  not  the  temperature^  of  the  water  as  weighed  in 
this  case,  hut  that  of  tlu^  working  tc^niperature  of  the  hot-wtOl. 
The  working  tenii)erature  in  cases  like  this  nmst  be  determinevi 
by  a  special  test  and  in(dude<l  in  the  log-sheets. 

In  (h^terniining  the  working  temperatures,  the  preliminary  or 
subsequent  t(^st  should  be  continued  a  sufficient  time  to  obtain 
uniform  indications  and  such  as  may  be  judged  to  be  an  average 
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for  the  working  conditions.  In  this  test  it  is  necessary  to  have 
some  guide  as  to  the  quantity  of  work  being  doup,  antl  for  this 
reason  the  power  developed  by  the  engine  should  be  determineil 
by  obtaining  a  full  set  of  diagrams  at  suitable  interval^  during 
the  progress  of  the  trial,  Obser\^ations  shoukl  also  l>e  made  of 
all  the  gauges  connectal  with  the  plant  and  of  the  water  heights 
in  the  boilers,  the  latter  being  maintainai  at  a  un  form  point, 
so  a3  to  be  sure  that  the  rate  of  feeding  during  the  test  is  not 
st*nBil>ly  different  from  that  of  the  main  test. 

The  heat  to  be  determined  is  that  used  by  the  entire  engine 
equipment,  embracing  the  main  cylinders  and  all  auxiliary  cylin- 
ders and  mechanism  concerne^i  in  the  operation  of  the  engine, 
including  the  air-pump,  circulating-pump,  and  feal-pumps,  also 
the  jacket  and  reh eater  when  lliese  are  used.  No  deduction  is 
to  be  made  for  steam  useil  by  auxiUaries,  unless  these  are  shown 
by  the  test  to  be  unduly  wasteful*  In  this  matter  an  exception 
should  be  made  in  cases  of  guarantee  t*^st«,  where  the  engine 
contractor  furnishes  all  the  auxiliaries  referred  to.  He  should, 
in  that  case,  be  responsible  for  thcv  whole,  and  no  allowance  should 
be  mmie  for  inferior  economy,  if  such  exists.  Should  a  detluction 
be  niaiie  on  account  of  the  auxiliaries  being  unduly  wasti^ful,  the 
method  of  waste  and  its  extent,  as  compared  with  the  wastes  of 
the  main  engine  or  other  standard  of  known  value,  shall  be 
reportetl  definitely. 

The  steam  pressure  and  the  quality  of  the  steam  are  to  be 
taken  at  some  point  conveniently  near  the  throttle- valve.  The 
quantity  of  steam  used  by  the  calorimeter  must  be  determined 
and  properly  allowal  for, 

X,  Measurement  of  Feed-imter  or  Sleam  Consumption  of 
Engine^ — The  method  of  determining  the  steam  consumption 
api>licable  to  all  plants  is  to  measure  all  the  feed^water  supjilie<i 
to  the  boilers  and  deduct  therefrom  all  the  w^ater  dischajged  by 
separators  and  drips,  as  also  (he  water  and  steam  wliich  escapes 
on  account  of  leakage  of  the  boiler  and  its  pipe  connections  and 
leakage  of  the  gte-am  main  and  branches  connecting  the  b<jiler 
and  the  engine.  In  plants  where  the  engine  exhausts  into  a  surfacje 
condenser  the  steam  coasiimption  can  be  measured  by  determining 
the  quantity  of  water  discliarged  by  the  air-pump,  eorrected  for 
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my  leakage  of  the  condenser,  and  adding  thereto  the  steam  u^ 
by  the  jaeicetoy  wheaterB,  and   auxiliaries  as  tietemiined  indo- 
pendeiitly.    If  the  leakage  of  the  condenser  is  too  large  to  j^atis-^ 
foetoii^  aUow  for  it,  the  c(mdens(?r  shouhl,  of  course,  he  repa 
aad  the  kakage  a^un  deterniined  before  making  the  test. 

In  loeaauriog  tlte  water  it  is  best  to  carry  it  through  a  ti 
or  tanke  rasting  on  platform  weighing-scales  suitably  arraogeil 
fw  the  purpose,  the  water  being  afterwards  emptied  into  a  reservoir 
beneath,  from  whkli  the  ptunp  i^^  ^ipplied.  J 

The  simplest  apparatus  of  this  tintl,  having  a  capacity  of^  say^ 
0000  pounds  of  water  per  hour,  cc^nsists  of  a  small  hogshead  con- 
nected to  the  suction-pipe  c^f  the  pump  or  injector,  and  an  ordinary 
<»14)arrel  mounted  on  a  platform  scale,  the  latter  being  supported 
bjr  the  hogshead  on  one  .^^itle  and  by  a  suitable  Htagiug  on  the 
other.  The  barrel  is  filled  by  a  ctjld-water  pipe  lea<ling  from  the 
source  of  supply,  autl  thi*4  slmuld  be  a  IJ-inch  pipe  fur  pressures 
not  less  than  25  pounds  jxt  square  inch,  Tlie  outlct-valvc  to  the 
barrel  is  attached  to  the  ^ide  close  to  the  bottom  and  ahould  be  at 
least  2J  inches  in  dianjeter  for  quick  emptying.  Where  large*  quan-  | 
titles  of  water  are  required  the  barrel  can  be  replaced  by  a  hogi- 
head,  and  two  additional  hogsheads  can  be  coupJed  together  for  a 
lower  reservoir.  The  capacity  reached  by  this  arrangement,  when 
the  weighing-hogshead  is  supplied  by  a  2i-inch  valve  imder  25 
poinds  pressure  and  emptied  through  a  5-inch  valve,  is  15,000 
pounds  of  water  per  hour.  For  still  larger  capacity  it  is  desirable 
to  use  rectangular  tanks  made  for  the  purpose  and  having  the 
weighing-tank  arranged  so  that  the  ends  overhang  the  scales  and 
the  reservoir  below,  the  outlet- valve,  consisting  of  a  flap-valve, 
covering  an  opening  in  the  bottom  6  or  8  inches  square.  With 
rectangular  tanks  this  system  can  be  employed  for  any  size  of 
stationary  engine  ordinarily  met  with. 

Where  exlremely  large  quantities  of  water  must  be  measiured, 
or  in  some  places  relatively  small  quantities,  the  orifice  method  of 
measuring  is  one  that  can  be  applied  with  satisfactory  results.  In 
this  case  the  average  head  of  water  on  the  orifice  must  be  deter- 
mined, and,  furthermore,  it  is  important  that  means  should  be  at 
hand  for  calibrating  the  discharge  of  the  orifice  under  the  cond> 
tions  of  use. 
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The  corrections  or  deiluctions  to  be  made  for  leakage  above 
referred  to  should  be  applir  d  only  to  the  standard  hesit-unit  test^ 
and  tests  for  deterniining  shnply  the  steam  or  feed-water  consump- 
tion, and  not  to  the  coal  t^sts  of  combined  engiiic  and  boiler  equip- 
ment. In  the  latter  no  correction  should  be  made  except  for  leak- 
age of  valves  connecting  other  engines  and  boilers,  or  for  steam 
used  for  purposes  other  than  tlie  0|>e ration  of  the  plant  under  test. 
Losses  of  heat  due  to  imperfections  of  the  plant  should  be  charged 
to  the  plant,  and  only  such  lt>sses  as  are  concerned  in  the  working 
of  the  engine  alone  should  be  charged  to  the  engine. 

In  measuring  Jacket-water  or  any  supply  under  pressure  which 
has  a  temperature  exceeding  212°  F.,  the  water  should  first  be 
cooled,  as  may  be  done  by  first  discharging  it  into  a  tank  of  cold 
water  pre\'iously  weighed^  or  by  passing  it  through  a  coil  of  pipe 
submerged  hi  rmming  and  colder  water,  preventing  thereby  the 
loss  of  evaporation  which  occurs  when  such  hot  water  is  discharged 
into  the  open  air. 

XL  Measurement  of  Steam  Ui^ed  by  Avjciliaries, — Although 
the  steam  used  by  auxiliaries^-enibracing  the  air-pump,  circulating 
pump,  feed-pump,  and  any  other  apparatus  of  this  nature,  suppos- 
ing  them  to  be  steam-tlriven,  also  the  steam-jackets,  reheaters,  etc-|. 
wliieh  consume  i^teani  required  for  the  ojjeration  of  the  engine — is 
all  included  in  the  measurement  of  the  steam  conKmnptioUj  as 
pointed  out  in  Article  X,  yet  it  is  highly  desirable  that  tlie  quan- 
tity of  steam  used  by  the  auxiliaries^,  and  in  many  cases  that  used 
by  each  auxiliary,  sliouki  be  determined  exactly^  so  that  tlie  net 
consumption  of  the  main-engine  cylinders  may  be  ascertained  and 
a  complete  analyt^is  matle  of  the  entire  work  of  the  erigine  plant. 
Where  the  auxiliary  cylinders  are  non-condensing,  the  steam  con- 
sumption ciin  often  be  measured  by  carrying  the  exhaust-steam 
for  the  purpose  into  a  tank  of  cold  water  resting  on  scales  or  tiu'ougli 
a  coil  of  pipe  surrounded  by  cold  running  water.  Another  methoil 
is  to  run  the  auxihariea  as  a  wliole,  or  one  by  one,  from  a  t^oftre 
boiler  (preferably  a  small  vertical  one)  and   meujsurc  '  J- 

water  supplied  to  this  boiler.    The  ssteam  used  by  lli 
culating  pump^  may  be  measured  by  nmning  the^^ 
as  pOHsible,  the  working  conditions  and  i 
other  auxiliaries  being  stopped,  and 
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the  measuring  apparatus  used  on  the  main  trial.  For  a  'jhort 
trial,  to  obtain  approximate  results,  measurement  can  be  made  by 
the  water-gage-glass  method,  the  feed-supply  being  shut  oflF.  When 
the  engine  has  a  surface  condenser,  the  quantity  of  steam  used 
b}'  the  auxiliaries  may  be  ascertained  by  allowing  the  engine 
alone  to  exhaust  into  the  condenser,  measuring  the  feed-water 
supplied  to  the  boiler  and  the  water  dischargeil  by  the  air-pump 
and  subtracting  one  from  the  other,  after  allowing  for  losses  by 
leakage. 

XII.  Coil  Measurement. — (a)  Commercial  Tests.  In  com- 
mercial tests  of  the  combined  engine  and  boiler  equipment,  or  those 
made  under  ordinary  conditions  of  commercial  ser\4ce,  the  test 
should,  as  pointed  out  in  Article  VII,  extend  over  the  entire  period 
of  the  day;  that  is,  twenty-four  hours,  or  a  number  of  days  of 
that  duration.  Consequently  the  coal  consumption  should  be 
determined  for  the  entire  time.  If  the  engine  runs  but  a  part  of 
the  time,  and  during  the  remaining  portion  the  fires  are  banked, 
the  measurement  of  coal  should  include  that  used  in  banking.  It 
is  well,  however,  in  such  cases  to  determine  separately  the  amount 
consumed  during  the  time  the  engine  is  in  operation  and  that  con- 
sumed in  the  |x*riod  while  the  fires  are  banked,  so  as  to  have  com- 
plete data  for  purposes  of  analysis  and  comparison,  using  suitable 
precautions  to  obtain  reliable  measurements.  The  measure- 
ment of  coal  bcfiins  with  the  first  firing,  after  cleaning  the  furnaces 
and  burning  down  at  the  beginning  of  the  test,  as  pointed  out  in 
Article  VIII,  and  ends  with  the  last  firing  at  the  expiration  of  the 
allotted  time. 

ih)  Continuous-running  Tests.  In  continuous-running  tests 
which,  as  pointed  out  in  Article  VII,  cover  one  or  more  periods 
which  elapse  between  the  cleaning  of  the  fires  the  same  principle 
applies  as  that  mentioned  umhT  the  above  heading  (a),  viz.,  the 
coal  measurement  begins  with  the  first  firing  after  cleaning  and 
burning  down,  and  the  measurement  ends  with  the  last  firir.g 
K'fore  cleaning  and  burning  down  at  the  close  of  the  trial. 

ic)  Coal  Tests  in  CJi  nt  ral.  AMien  not  otherwise  specially  under- 
stood, a  coal  test  of  a  combined  engine  and  boiler  plant  is  held  to 
refer  to  the  connnercial  test  above  noted,  and  the  measurement  of 
coal  should  conform  thereto. 
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In  connection  with  coal  measurements,  whatever  the  elasa 
of  tests,  it  is  iniiH)rtant  to  ascertain  tlie  percentage  of  inoiature 
in  the  coal,  the  weight  of  ashes  and  refuse,  and,  where  possible, 
the  approximate  and  ultimate  analysLs  of  the;  coal^  foOowing 
all  the  UKthods  in  detail  advocated  in  the  latest  report  of 
the  Boiler  Test  Committee  of  the  Society*  (See  VoL  XXI, 
page  34.) 

(d)  Other  Fuel^  than  CoaL  For  all  other  solid  fuela  than  eoal 
the  same  ilirections  in  regard  to  mea.suremeut  should  be  fiillowed 
as  those  given  for  coah  If  the  Iwilers  are  run  with  oil  or  gas,  the 
nieasurements  relating  to  starting  and  Mopping  are  much  simplified 
because  the  fuel  k  burned  as  fast  as  supijlied,  and  there  is  no 
body  of  fuel  eoustantly  in  the  furnace,  a.s  in  the  case  of  using 
solid  fueL  When  oil  is  used  it  should  be  weighed,  and  when 
gas  is  used  it  should  be  measured  in  a  calibrated  gas-meter  or 
gasometer. 

XIII-XVL    See  text. 

XVII,  Speed. — There  are  several  reliable  methods  of  ascer- 
taining the  speed  or  the  number  of  revolutions  of  the  engine 
crank-shaft  per  minute.  The  simplest  is  the  faniiUar  method 
of  counting  the  number  of  turns  for  a  period  of  one  minute  with 
the  eye  fixed  on  the  second-hand  of  the  timepiece.  Another 
IS  the  use  of  a  counter  held  for  a  minute  or  a  numlier  of  nunutes 
AgaiiLst  the  end  of  the  main  shaft,  .Another  is  the  use  of  a  reli- 
able tachometer  held  likewise  against  the  end  of  the  shaft.  The 
most  reliable  method,  and  the  one  we  recommend,  is  the  use  of  a 
continuous-recording  engine  n^gii^ter  or  counter,  taking  the  total 
reading  each  time  that  the  genera!  test  data  are  recorded  and 
enmputing  the  revolutions  pcT  minute  corres|>onding  to  th(>  riifTer- 
rtice  in  the  readings  of  the  instrument.  Wlieti  llie  speed  Ls  atjove 
250  revolutions  per  minutep  it  is  almost  im{KJssible  to  make  • 
satisfactory  counting  of  the  revolutions  without  the  use 
form  of  mechanical  (*ounter. 

The  determination  of  variation  of  speed  durinir 
lution,  or  the  effect  of  the  fluctuation  due  to 
the  load,  is  also  desirable,  especially  in  eji,' 
generators  used  for  lighting  ])urposes.    Tin 
recognised  standard  method  of  makuig  snct 
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if  such  are  desired,  the  method  employed  may  be  devised  by  the 
person  making  the  test  and  described  in  detail  in  the  report. 

One  method  suggested  for  determining  the  instantaneous 
variation  of  speed  which  accompanies  the  change  of  load  is  as 
follows: 

A  screen  containing  a  narrow  slot  is  placed  on  the  end  of  a 
bar  and  vibrated  by  means  of  electricity.  A  corresponding  slot  in 
a  stationary  screen  is  placed  parallel  and  nearly  touching  the 
vibrating  screen,  and  the  two  screens  are  placed  a  short  disance 
from  the  ly-wheel  of  the  engine  in  such  a  position  that  the  ob- 
server can  look  through  the  two  slots  in  the  direction  of  the  spokes 
of  the  wheel.  The  vibrations  are  adjusted  so  as  to  conform  to 
the  frequency  with  which  the  spokes  of  the  wheel  pass  the  slots. 
When  this  is  done  the  observer  viewing  the  wheel  through  the 
slots  sees  what  appears  to  be  a  stationary  fly-wheel.  When  a 
change  in  the  velocity  of  the  fly-wheel  occurs,  the  wheel  appears 
to  revolve  either  backward  or  forward  according  to  the  direction 
of  the  change.  By  careful  observations  of  the  amount  of  this 
motion  the  angular  change  of  velocity  during  any  given  time  is 
revealed. 

Experiments  that  have  been  made  with  a  device  of  this  kind 
show  that  the  instantaneous  gain  of  velocity  upon  suddenly 
removing  all  the  load  from  an  engine  amounted  to  from  1/6  to 
1/4  of  a  revolution  of  the  wheel.f 

XVIII-XXV. — ^The  greater  portion  of  the  matter  contained  in 
these  paragraphs  will  be  found  in  the  text. 

t  Trans.  A.  S.  M.  £.  Standard  Rules. 
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Superheated  Steam. — Steam  in  contact  with  its  liquid,  all 
teiM[>eralure  changes  having  ceawetl,  is  a  vapor  and  obeys  the  laws 
of  vapors.  The  presHure  or  teni^ioii  of  a  vapor  can  neither  be 
increased  nor  decreased  by  changes  of  its  volume  as  long  as  its 
tenii>erature  is  kept  constant. 

If  steam  is  not  in  contact  with  its  liqiiifl  its  temperature  may  be 
raised;  in  other  wordjs,  it  may  be  superheat eil.  In  a  cylinder  we 
may  have  superheated,  dry,  and  wet  steam  at  the  same  instant. 
This  is  due  to  the  fact  that  dry  steam  is  a  very  poor  conductor 
of  heat.  It  will  be  found,  in  fact,  that  the  great  value  of  super- 
heated steam  lies  in  its  quality  as  a  pofjr  conductor  of  heat.  The 
term  contact  is  to  be  interpreted  as  inunediale  contact. 

If  the  steam  in  the  upper  portion  of  the  steam*space  of  a 
vessel  containing  steam  and  water  is  heated,  either  the  pressure 
or  the  volume  or  both  will  increase.  Steam  from  a  boiler  may  be 
superheated  by  passing  it  through  a  series  of  highly  heated  tubes 
on  its  way  to  the  engine.  The  fact  that  the  volume  of  the  suiter* 
heater  is  constant  does  not  prevent  the  steam  from  being  heated 
at  constant  pressure,  since  tlie  steam  is  used  in  the  engine  as  fast 
as  it  is  generated  and  Iheorctically  the  recijjroeat ing  piston  might 
be  replaced  by  one  moving  in  a  cylinder  of  indefinite  length* 

This  process  of  heating  the  steaTn  is  perfornn^d  in  a  superheater. 
This  consists  in  a  series  of  cast-iron  or  steel  tubes  or  steel  tubes 
clad  in  cast  iron  placed  in  the  back  connection  or  behind  the 
bridge-w^aJl  of  fire  tubular  l.>oilers,  over  the  tubes  at  the  mitl- 
third  of  their  length  in  water  tubular  boilers,  or  they  may  be  jjlaced 
in  a  separate  setting  with  a  separate  grate  which  is  independenHy 
fired.  The  fm-nace-gasea  at  temperatures  betw^cen  600°  F,  and 
1500'^  F,  flow  around  the  superheater  tubes  and  the  steam  passes 
through  them. 

Saturated  steam  at  a  high  pressure  contains  more  heat  than 
the  same  weight  of  steam  at  a  lower  pressure.  If  therefore  steam 
at  a  high  pressure  is  allowed  to  expand,  forming  eddies^  but  (with- 
out domg  external  or  useful  work)  to  a  lower  pressure,  the  excess 
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d  heat  mentioiied  above  wiU  be  utilized,   first   in  drying  ti^ 
steam  if  it  be  wet,  and  then  in  superheatiDg  it.    This  effect  is  i 
to  the  fonnation  of  eddies*     This  fomi  of  superheating 
place  in  throttle-governed  engines,    in    high-speexl    engines 
flhort   cut-off,   and    in  the  Peabody  calorimeter-       In   noiil^ii, 
eddying  is  prevented  and  Uie  energy  h  utilized  in  giving  lixt 
mass  of  steam  additional  velocity. 

Adheating  is  a  term  applied  to  the  aiperheating  of  saturated 
steam  by  mixing  it  with  Ughly  superheatixl  steam  in  such  piopor- 
tions  that  the  mixture  will  possess  a  presc  ribed  degree  of  su|)erlna?. 

Poster  Sapefheater. — ^The  Foster  sui>eriieater  is  made  up  qL 
dements  each  of  which  consists  of  two  gteel  tubes,  one  ind^ 
ol  the  other  and  so  connected  that  the  steam  from  the  bfiil^ 
passes  throu^  the  annular  space  between  the  tubes,  the  ium 
tube  being  closed  at  .both  ends.    Cast-iron  din-s  that  taper  ina^ 
cross-section  from  the  inner  to  the  outer  periphery  are  ^ 

on  the  outer  tube.     These  annular  gill-flanges  are  placed  t 
to  one  another  and  not  only  protect  the  steel  tube  from 
roeoon  but  possess  a  large  surface  for  the  absorption  of  I 
and  also  provide  a  large  mass  for  the  retention  of  heat  and  so 
prevent  rapid  fluctuations  of  temperature  in  the  superheat  oil 
the  steam. 

This  superheater  is  designed  with  a  view  to  avoid  the  necessity 
for  flooding  devices  or  any  form  of  connection  between  the  water- 
space  of  the  boiler  and  the  superheater.  The  protection  afforded 
by  the  external  covering  of  cast  iron  is  ample  to  prevent  damage 
to  the  surface  during  the  process  of  steam-raising.  It  is  evi- 
dent that  if  water  is  admitted  to  the  interior  of  a  superheats 
there  is  danger  of  scale  forming  in  the  tubes,  which  must  result 
in  a  loss  of  efficiency  or  stoppage  of  the  circulation.  It  is  abo 
evident  that  care  and  intelligence  must  be  exercised  in  drain- 
ing out  a  superheater  which  has  been  flooded  before  putting  it 
into  service,  and  in  properly  setting  the  valves  in  the  pipes  to 
prevent  the  engine  receiving  a  charge  of  water."  * 

The  economic  advantages  of  superheated 'steam  have  been 
known  since  1826.  After  a  large  nimiber  of  trials  its  use  was 
abandoned  on  account  of  troubles  arising  from  improper  lubri- 
cants and  improper  packing  for   flange-joints   and    piston-iod 

*  Catalog  of  makers 
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and  valve-stem  stuffing-boxes.  The  superheaters  becoming  in- 
cruBtevl  internally  were  burnt  out  or  were  eaten  up  by  the  sul- 
phuric acid  formed  in  damp  soot;  the  cylinders  were  scored 
because  the  tallow  used  for  lubrication  was  decomposed  at  high 
temperatures  into  non-lubricating  elements;  the  joints  leaked 
from  the  increased  stresses  tlue  to  increased  expansion  caused 
by    higher    temperatures.     Fortunately    the    advent   of  mineral 
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oikj  metallic  packings  and  tiie  general  advance  in  the  manufac- 
ture of  structural  material  used  in  engineering  procejsses  and 
increased  scientific  knowlcLlge  now  make  its  use  possible  and 
economieaL 

Four  methods  of  reducing  cylinder  waste,  due  to  initial  con- 
densation, are  open  to  us — compression,  jacketing,  compounding, 
and  superheating.  It  is  pretty  well  settled  that  economy  lies  in 
reducing  clearance  surface  to  the  smallest  po&gible  amount  and 
that  heavy  compression  in  many  cases  causes  loss.  Jackets  are 
expensive,  are  seldom  properly  operated,  and  are  of  value  only 
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in  special  cases,  antl  Ihese  cease  to  exist  with  a  proper  dcpse 
of  superheating.  8iiperhL*atens  have  also  reduced  the  ntimher  di 
cylinders  required  in  conijKJuiiiiing.  A  te^t  ^^ill  be  given  of  a 
compound  engine  and  superheater  that  produced  results  un- 
rivaOed  by  many  triple*cx]iansion  engines.  In  connection  uith 
steam-turbines  marked  advance  in  economy  is  produced  by  tlie 
use  of  superheaters. 

The   greate^st   percentage    increase   in   economy    is    obtained 
when  superheater.^  are  aj>plied  tn  uneronomic^  engines,     T\'^a5tcful 
little  engines  with  a  superheater  have  nearly  the  same  economy 
as  large  engines  of  the  same  type  with  a  sui^erheater.     In  other  I 
words,  the  economy  of  the  small  one  h:is  Ih^om   increase<i  morel 
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than  that  of  the  large  one.  If  the  reheaters  placed  in  the  re- 
ccivers  of  niultiple-exi^ansion  engines  do  not  superheat  they  arc 
woLse  than  useloKs,  losing  high-pressure  steani  to  re-evaiK>rate 
water  to  low-pres£?ure  steam  in  a  receiver  is  unecononiical.  The 
water  should  be  taken  out  l>y  a  separator  and  returned  to  the 
boiler^  whilst  the  dry  steam  should  be  superheated  to  prevent^ 
initial  condensation  in  the  next  cylimler,  " 

**The  purposes  of  superheating  steam,  as  practised  in  the 
past  and  as  recognized  at  present,  are  the  following: 

'*1.  Raking  the  temperature  which  constitutes  the  upper 
limit  in  the  operation  of  the  heatH?ngine  in  such  manner  as  to 
increase  the  thermotlynamiG  efficiency  of  the  working  fluid. 

*V2,  To  so  surcharge  the  steam  with  heat  that  it  niay  surrender 
as  much  as  may  be  reijuired  to  prevent  initial  condensation  at 
entrance  into  the  cylinder  and  still  perform  the  work  of  expan- 
sion without  condensation  or  serious  cooling  of  the  surrouniling 
wbUb  of  the  cylinder, 

'*3.  To  make  the  weiglit  of  the  steam  entering  the  condenser, 
and  its  final  heat  charge,  a  niimmum,  with  a  view  to  the  reduc- 
tion of  the  volume  of  the  condensing  water  and  the  magnitude 
and  cost  of  the  air-pump  and  condenser  system  to  a  minimum. 
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"4.  To  reduce  the  back  pressure  and  thus  to  increase  the 
jwer  developed  from  a  given  charge  of  steam  arid  the  efficiency 
of  the  engine, 

"5.  To  increase  the  efficiency  of  the  boilers  both  by  the  rp<]ue- 
tion  of  the  quantity  of  the  steam  tleinanded  from  Hie  t)riginal 
heating-surface  and  by  increa^sing  tlie  area  of  the  heating-sur- 
face  employed  to  al>si>rb  tlie  heat  of  the  furnace-  and  flue- gases, 
and  also  liy  evading  the  waste  consequent  upon  the  produetion 
of  wet  steam/'    (Thurston,) 

If  the  steam  entering  a  cylinder  is  only  superheated  enuugh 
to  give  dry  saturated  steam  at  cut-off  the  range  uf  temperature 

T  —T 

-^ — '  of  the  Caj'not  cycle  Ls  unchanged  and  there  is  no  increase 

of  economy  from  L  The  other  four  sources  of  economy  de- 
pend upon  one  fundamental  fact — the  poor  conduct iviiy  of  dry 
ateam,  When  steam-gas  passes  through  the  cylinder,  the  walls 
of  the  latter  do  not  fluctuate  so  much  in  tem[>eratiire.  The 
hot  gas  gives  up  its  heat  slowly  to  the  walls^  and  on  the  exhaust- 
stroke  the  latter  give  up  their  heat  slow^ly.  In  other  w^ords,  the 
slightest  film  of  water  on  the  cylinder  walls  rentiers  possible  a 
wilier  fluctuation  of  metal  temperature  with  its  const^riuent  waste 
of  heat  than  occurs  when  superheatetl  steam  is  ust^d.  If  one 
thermal  unit  is  wasted  in  superheating  steam  it  prevents  the 
waste  tif  2^  i hernial  units  caused  by  initial  condensation, 

b  Thermal  Laws,  — From  experiments  Regnaidt  determined  the 
specific  heat  of  steam  to  be  .48,  The  best  values,  at  present,  are 
those  of  Knoblauch  and  Jacobs,  Their  values  show  that  the 
specific  heat  is  a  variable  ranging  froTu  ,48  to  .6,  increasing  with 
increasing  pressm^Cj  but  decreasing  with  inci'easirig  temix^rature  at 
the  same  pressure.  As  no  authoritative  figures  Iiavc  been  deeidcHl 
upon,  we  shall  assume  the  specific  heat  at  constant  pressure  to  be 
constant  and  to  be  .48,    See  Fig,  228  and  Table  XV, 

Hence  the  total  heat  required  to  heat  ft^eil-vvater  from  ^i  to  T2, 
evaporate  it  at  that  tem|>erature  and  then  superheat  it  uufler  a 
constant  pressure  (<'orresponding  to  Tj)  to  some  temperature  T^  is 

or  i?.=i?2+ 48(7.- r2). 

Intensity  of  Superheating  Required,— If  L^  latent  heat  of  steam 
entering  a  cylinder,  ^4^  its  weight  in  [xjunds  pcv  stroke,  x  =  the 
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percentagp  of  initial  condensation,  then  xAL=the  amount  of 
lost  by  the  Bt^am  in  condensing;. 
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FiQ.  228. — Cp  of  Superheated  Steam.     (Knoblauch  and  J2u>DbB.) 


Fio.  229.— Separately  Fired  Superheater. 

If  superheated  steam  had  to  possess  that  number  of  therr 
units  in  excess  of  those  it  possesses  as  saturated  steam ^  it  is  evidrai 
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that  the  necessary  temperature  of  the  superheated  steam  would 
be  obtained  from  the  eiiuation 

MA(T,-T,)=xAL,    or    iT.-T,)=^ 

where  f,  is  the  temperature  of  the  superheated  steam, 
T2  i&  the  temperature  ot  the  saturated  steauL 

If  the  above  were  true  there  would  be  very  little  gained  by 
the  use  of  superheated  steam,  as  we  would  simply  substitute  one 


Fig*  23a— Foster  Suparheater  and  Water  Tubular  Boiler. 

waste  for  another.  It  is  found  in  practice  tlrnt  a  very  nmeh  lower 
and  more  feasible  <iegree  of  superheat  is  neccBsary,     It  varies,  of 

course,  with  the  size  and  type  of  engine,  ratin  of  ex]xin,«inn,  etc. 
In  some  cases  it  is  only  .4  or  .5  of  the  amount  j in lioa ted  by  the  for- 
mula above.  For  example^  assume  the  latent  heat  of  steam  to  aver- 
age 875  B.TXT.     For  each  per  cent  of  initial  couflensatioii  there  is  a 

loss  of  8  J5  BT.U.    If  only  .4  of  thl^  - -■  '-  - ^-^  —  ^  when  the 

steam  is  superheated,  the  number  uf  '  rfviuired 

for  each  per  cent  of  initial  cnnctensation  would  K^  ^7 

degrees  approsdmately.     i 
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To  have  tlio  steam  dry  at  eut-oflf,  the  necessary  number  of 
ilopnvs  oi  siiporhoat  of  tho  steam  on  entrance  to  the  CA'liiider  is 
ot|iiaI  to  the  porcontape  of  initial  oomlensation — that  would  exist 
without  sujHTheatinjr  -muItipHed  by  7.  The  sujwrheat  on  leaving 
llio  superheater  woull  tlejH^nd  on  the  length,  character,  and  covct- 
ing  of  the  sleam-maiii  antl  valve-<*hest. 

The  following  data  « Trans.  A.  S.  M.  E..  Vol.  XXV)  are  instru(*- 
live  in  showing  h»ss  «»f  pressures  ami  tenifx^ratures  in  the  s^team- 
eyele  as  well  as  tlie  economy  in  tlie  use  of  suj^erheatetl  steam  in  an 
engine  that  is  ivomimieal  when  ushig  saturateil  steam.* 
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Average  data  and  resulta  of  (Schmidt)  separate  superheater  test : 

Heating-surface  in  square  feet,  ♦  ,  ♦  ..♦,.....,,.,,.,.,,♦...,*«  642 

Grate-surface  in  stiuart  feet , .....»»...,.. 4 

Dumtioti  lif  test  in  hours ,...*......,,...,,,,.,.,..♦.,.     14 

Pressure  of  ste^ani  fiimi-shed  superheater  (ga^).,  .«..,♦,.* 147 . 4    ^ 

TeinperaluretJ  in  Degrt^^s  Fah.  hy  M<?rcury  Thermometer: 
Hteam  entering  the  superheater.  ♦ ,  ^  . ,  , . .  * ♦*,.,«,   365**  6 

*'      leaving     "  " ..,,.809^,1 

Amount  strain  was  superheated. , ,......,,..,...*..  443° .  5 

.Steani  passing  thcough  the  sviperhealer  in  pounds*  ,  ,  . , ,  * 5S,025 

'Heat  imparted  to  thi*  steam  in  B.TAJ 12,35LMXH} 

Total  moist  foal  fire  in  pounds,  ..,.,., 1 ,473 

' '      d^'  coal  consumed  in  jxiundrt. ^ ,  , . .  1  ^426 

Coal  bunit  per  .s^juarc?  foot  of  grut^j-snrfaoe  per  hour  in  poutids. .  25 , 5 
Heat  imparted  to  the  t$leam  in  the  miperheater  per  pound  of  <x>al 

burned  in  B.TAI.  . , 8.662 

Equivalent  evaporation  from  and  at  212^  F.  in  pounds  per  pound 

of  dry  coal * ,...,..,.,..,. 8  J)7 

Heat  of  convbustion  of  the  dry  coal  in  B/1\U,  per  pound,  , 14,060 

Efficiency  of  the  Kupcrheaternaeed  on  the  heat  of  combustion  of 

the  coal  hi  per  cen i.  ...............................  ^.  *  ,*  61  6 

Combined  EeaTUtmy  of  Boiler  ami  Superheater, 
Actual  evaporation  of  the  boiler  per  jwund  of  dry  coal  in  pounds.         8  .  586 
Coid  burnt  in  the  fluj>erheuter  in  poundi^  per  pound  of  Bteam 

tm.4f5iiig  through  it*  .,..,.,.. .0245S 

Coal  burnt  iu  !^uf>erh eater  in  {x^unds  per  pound  of  coa  burned  at 

Iwiler,  liem  17 X  Item  IH.  .  .  , . , . , ,  ,211 

Actual  evaporation  of  the  combined  boiler  and  .superheater.,  . .  .  7.tKM) 
Factor  of  evap^vration  of  thti  Cf>mbined  Ijojler  aud  «u|jerheater. .  1  421 
Equivalent  eva|X»ration  in  pounds  per  pound  of  dry  coal  from 

and  at  ^l^*"  F.  for  the  combined  boiler  and  superheiiter. ... ,      10,07 
Efficiency  of  the  combined  boilor  and  sujicrhoat^^r  based  on  the 

heat  of  cumbu^tion  of  the  coal  in  per  cent.  .  . .....*,.     69.2 

From  the  above  data  the  student  shoultl  calculate: 
L  The  loss  of  heat  in  the  main  eteam-pi}>e, 

2.  The  prfjbable  .superheat  at  cut-off,  assuming  20%  conden- 
sation would  uccur  in  tests  1  and  2  if  dry  steam  were  used. 

3.  Obtain  the  paper  in  the  Trans.  A,  S.  M.  E.,  Vol  XXV, 
and  check  one  or  more  percentages  of  superheating. 

4.  Assume  tlie  mean  temperature  of  fiuc-ga.sf*s  in  sufier- 
lieater  at  1500^  F.^  what  is  the  rate  of  transmission  jwr  scpiare 
foot  per  degree  difference  of  temperature  per  hour? 

5.  Draw  a  diagram  windlar  to  that  on  page  197,  showing  the 
thermal  losses  in  the  engine  cycle. 

6.  Assume  a  cross-compound  Corliss  engine  24"  x44"  x60"; 
870  I.H.P.;  revs,,  72;  clearance  H.P.  cyh,  .03%;  cut-off,  .33 
stroke;  initial  pressure  abs,»  114;  pre^ssure  at  cut-off,  104.4 
abs. ;  steam  accounted  for  at  cul>  *^  'iroportion 


440  THE  STEAM'ESGINE  A\D  OTHER  HEAT-MOTORS. 

of  feed-water  accounted  for  at  cut-off,  .866;  steam-pipe,  80  feet 
long.     Fin<l  the  diameter  of  the  steani-pipc;   assume  chan^ 
ter  of  laggbig  and  bends  and  find  probable  heat  loss.     Designs 
Schmidt  separate?  superheater  that  will  supply  dry  steam  at 
cut-off,    viz.,    answer   the    following  requirements:    Heating- 
surface;  grate-surface;  coal;  degree  of  suj^erhcat  leaving  tiie 
sui)erheater,  at  the  throttle,  entering  cylinder. 
The  designer  calls  attention  to  the  following  points  in  the  design: 
"The  double-beat  poppet-valves  have  seats  surroundeil  by  the 
inlet  steam  in  such  a  way  that  the  expansion  of  the  seat  is  equal 
in  extent  and  effect  to  that  of  the  valve,  thus  overcoming  com- 
pletely the  characteristic  defect  of  ordinary  designs  of  their  typeol 
valve,  immely,  excessive  leakage  at  any  temperature  other  than 
the  particular  one  at  which  they  were  originally  ground.    Tlie 
inlet-valv(\s  are  driven  by  the  ordinary  trip-gear  of  the  builileis, 
with  vacuum  dash-pots,  with  the  addition  of  a   simple  linkage 
which  controls  the  closure  of  the  valve  independent  of  the  extent 
of  closing  motion  impart(Nl  by  the  <lash-pot,  and  thus  prevents 
slamming  or  partial  closing  of  the  valve.    The  exhaust -valves  an^ 
actuated  by  a  system  of  links  devoid  of  cams,  always  in  eonrnvTioii 
with  th(^  (u'centric,  except  when  hand-actuated  at  starting  or  stoj>- 
pint]^,  and  which   keeps  the  valve  stationary  during  tin*  forwari 
stroke,  as  is  necessary  when  using  the  j)oj)p(»t  typo,  and  all  joinn 
arc  a<ljustal)lc  for  wear. 

"The  st uilin<r-i><>xes  arc  on  Ion**;  necks  to  take  tlu^ni  well  aw;»y 
from  the  superheat,  an<l  the  i>isfon-ro(l  stufling-boxes  have  nietaUii* 
packing  provided  with  water-jackets,  which,  howevor,  have  never 
IxMMi  used.  The  |)iston-|)acking  consists  of  two  simple  iron  spriiiL' 
riii^rs  with  joint  plates. 

'•The  hiirh-])rcssure  cylinder  is  so  (l(\^ign(Ml  that  the  workiuii 
portion  of  its  i)an(l  is  a  simple  cylinder  without  ribs,  all  eonne<*tinns 
to  the  cylinder,  such  as  valve-cl(\ats,  latrging-bosscs,  inlets,  an.i 
(»\liaust-trajrcs,  etc..  bein^  at  the  (^nds.  .  .  . 

"The  only  trouble  notic(*d  with  lubrication  was  a  smoking  iliic 

to  the  carbonization  of  the  animal  or  vegetable  constituents  (»i 

\\\v  original  oil  ust^l.     On  notifying  the  oil-makers  of  this  trouble 

they  at  once  produced  an  oil  which  eliminattnl  all  complaint. 

^'The  operation  of  the  superheater  has  provcnl  to  be  simple: 
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in  fact  it  ia  easier  to  run  than  a  lx>iler^  since  the  pyrometer-tlial 
is  the  only  thing  to  be  watchal.  Fire  is  never  built  in  the  super- 
heater without  a  flow  of  steam  through  the  coils^  under  which 
conditions  there  is  no  sign  of  deterioration.  The  temperature  is 
readily  regulated,  even  when  the  engine  i^  shut  ilown  for  elianges* 
in  the  rnilli  wliich  happena  once  or  twice  in  twenty-four  hours  in 
regular  operation.  If  the  shutdown  is  for  more  than  a  few  minutes 
a  Somali  flow  of  steam  is  secured  by  **cracking"  the  throttle- valve 
and  allowing  a  little  steam  to  blow  through  the  engine,  but  for 
short  stoppages  this  is  not  necessary.  The  pipes,  cylinders^  and 
receiver  are  covered  with  3  inches  of  a  standard  magnesia  covering 
over  pi|>e8  antl  flanges/* 

Tempcrature-entropy  Diagram  for  Superheated  Steam, — In  Fig, 
231  let  Bitit^s^e^  represent  the  heat-units  expended  in  heating 
one  pound  of  water  from  ii°  F.  to  h^  F.  and  converting  it  into 
dry  saturateil  steam  at  that  temperature.  To  superheat  this 
steam  at  constant  pressure  to  some  temperature  T^  requires 

Q  =  AS(T^  -  Tz)  thernial  m\ii&=fdQ  =f^\48dT, 
Hence  the  entropy 

where  T,  and  7^3  are  ahsoluie  temperatures  in  degrees  Fahrenheit, 
This  increase  of  entropy  may  be  laitl  off  from  6%  to  some  point  e^ 
and  erecting  a  i)erpemUcuIar  ^  T^  the  point  7",  is  foimd.  By  assum- 
ing a  series  of  values  for  T^  a  series  i>f  points  in  the  cur%^e  &^T/ 
may  be  found.  The  curve  when  drawn  to  the  usual  scale  is 
practically  a  straight  line  and  may  be  so  assiuued.    That  being  the 

case  the  value  of  eiCi^  = 


r.+n 


If  this  steam  expanrls  adiabatically  the  Hne  TJs^mi  indicates 
the  thermal  changes  that  occur.  When  the  temperature  drop|>ed 
to  4  the  intersecting  of  the  vertical  and  the  saturated  steam 
'jne^  show  that  at  that  instant  the  steam  is  dry  saturateil  steam. 
Fuithei  expansion  to  U  is  followed  by  the  condensation  of  a  part 


of  the  steaiii  equal  in  amount  to 


ilSi 


of  a  pound* 


Fig.  231. 


at  exhaust-opening  in  the  high-pressure  cylinder,  but  it  wouM 
not  be  practical,  nor  is  it  indeed  necessary,  to  have  the  initial 
temperature  so  high  that  the  steam  is  superheated  at  cut-oflF  in 
the  low-pressure  cylinder.  It  is  better  to  divide  the  superheating 
into  two  stages  and  put  superheating  coils  in  the  receiver  between 
the  two  cyHnders.  Elsewhere  it  has  been  pointed  out  that  any 
moisture  in  the  steam  from  the  high-pressure  cylinder  should  be 
separated  out  so  that  the  superheating  is  only  applied  to  dry 
saturated  steam.    It  was  further  pointed  out  that  the  receiver 
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steam  sshoukl  be  siiperheatiHl  from  50  to  100  degrer^s:  thii^  would 
rcx|uire  L5  square  fret  of  pipe  8urfai?e  to  the  LH.IV 

Durability  of  Superheaters,— Superheaters  arc  best  prosciTwl 
by  keeping  a  eontinual  supph*  of  steam  flowing  throtigh  thi^m. 
The  amount  of  this  steam  should  be  proportional  to  tht*  amount 
of  coal  burning  on  the  grate.  In  ease  the  engine  should  slow  down 
or  have  a  reduces  1  load  the  amount  of  steam  passing  through  the 
superheater  should  not  be  diminished.  It  is  better  to  bleed 
the  excess  into  heaters  or  into  ssteam  used  for  other  purposes. 
If  this  eannot  be  done  the  fires  in  superheating  boilers  should  be 
diminished. 

In  U?sts  of  a  B.  &  W.  boiler,  5000  sq.  ft,  heating-surface,  UKJO 
sq,  ft.  of  suptTheating  surface,  a  chain  grate-stoker  75  sq.  ft. 
surface^  the  following  facts  are  stated: 

1.  Superheat  varied  from  125"^  to  175°  as  the  boiler  horse- 
power varied  from  350  to  750. 

2.  The  horse-powex  of  the  superheater  varied  from  35  to 
100  as  the  boiler  horse-power  varied  from  350  to  700* 

3.  From  7  to  17%  of  the  b.h.p.  was  produced  in  the  super- 
heater as  the  b.h:p  varied  from  100  to  900. 

When  the  main  boilers  were  forced  there  was  a  greater  weight 
of  gases  at  a  higher  temperature  passing  around  the  superheating 
tubes* 

Steam-nozzles. — When  steam  flows  through  a  nozzle  it  waa 
shown  (page  216)  that 

At  first  sight  it  woukl  appear  that  the  weight  and  velocity 
of  steam  delivercil  by  a  steam-nozzle  would  continually 
increase  with  a  continuous  lowering  of  the  back  pressure 
or    the    pressure    at    the   exit    end    of    the    nozzle,     A    close 

ia-^pection  of  the  formula  for  —  shows  that  it  includes  also  the 

final  volume  of  expansion,  w^hich  increases  and  therefore  tends 
to  diminish  the  value  of  the  velocity  of  exit.    The  dcinonstra- 


*  Trani,  A.  8.  M.  E.,  Vol.  XXVI. 
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tkttk  below  of  what  is  known  as  Zeimer's  fomiula  shows  tlutj 
the  maximum  weight  of  steam  that  an  orifice  can  deliver  is 
tallied  when  the  back  pressure,  p2*  i^  .^'^Pi- 

For  steam,  if  p,  becomes  less  than  Mpu  the  tielivered  weS^il 


J-  '  I        I i-^ I  I  * L __I ' I 

ISO  IJSQ 140  im  120  110 100  90  30    TO   00    AO    iO   ^    aa    10 


FiQ.  232. 

remains  constant.  For  perfect  gases,  if  p2  becomes  less  than  .528pi, 
the  delivered  weight  decreases.  If  p2  is  kept  constant  and  pi 
is  increased  the  weight  delivered  of  steam  or  perfect  gases  is 
increased. 

A  nozzle  must  be  designed  to  give  definite  results  under  defi- 
nite conditions.    It  can  be  shown  that  a  very  slig^ht  alteration 
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the  conditions  may  produce  a  very  coa^iderable  change 
in  the  results.  Nozzles  may  easUy  be  too  long  or  too  short, 
may  expand  too  rapidly  or  not  rapidly  enough,  and  the  orifice 
at  the  entrance  may  be  too  well  rounded  or  the  reverse  for  exist- 
ing conditions.  If  the  nozzles  are  too  long  the  work  of  friction 
i.s  carried  off  as  heat.  Short  nozzles  are  desirable  with  low  pres- 
sures; with  high  pressures  longer  nozzles  may  be  useiL  If 
the  cross-section  of  the  nozzle  increases  too  rapidly  the  stream 
acquire-s  too  many  croa^-eddies. 

The  maximum  weight  of  steam  discharged  through  a  simple 
orifice  is  determined  by  the  maximum  velocity  in  the  orifice, 
although  there  may  be  higher  velocities  on  the  discharge 
side  accompanied  by  very  low  gas  density.  The  maximum 
velocity  in  the  orifice  never  exceeds  1500  feet  per  second  no 
matter  how  great  the  difference  between  the  initial  and  dis- 
charge pressures* 

Given  the  ratio  ^^  pi,  and  the  weight  of  steam  discharged 

per  second  by  Zeuner's  formula  the  necessary  cross-section  at 
any  part  of  the  nozzle  can  be  found.     For  a  maximum  H'l  the 

value  of  —  should  be  .57*    The  best  results  are  obtained  when 

Pi 
the  steam-pressure  in  the  nozzle  gradually  decreases  to  the  back 

pressure,  otherwise  vibratory  waves  sho^n  in  Fig.  232  are  set  up* 
Hence  if  pa  is  less  than  *57pi,  tlesign  the  throat  or  narrowest 

part  of  the  nozzle  for  a  ;>2^.57pi  ami  design  the  exit  for  a  pa 
-equal  to  the  prea^ure  at  the  discharge  end  of  the  nozzle. 
p      Zeuner^s  Formula. — We  have  seen  that  the  work  of  adiabatie 

expansion  is  ^-^^r^j  which  becomes  — ^  if  the  expansion  is 


carried  to  p2  =  0. 


r-l 


=  E,  the  intrinsic  energy, 


The  formula 


2s 


■■  (Et  +PiVi)  —  (J?3  +  pai'a)  may  be  writtea 


+  P3l^»l 
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It  is  dei^irable  to  get  rid  of  V2  and  obtaiB  results  In  tenm  d 


pit 


and  pj. 


Hence 


or 


V 


U47h)Hf)n 


If  the  area  of  the  orifice  in  square  feet  is  ^4,  the  volume  cHs- 
chBTgeU  per  second  will  be  A  V.  As  the  above  formulas  apply 
to  one  j)o\ind  weigh  J,  it  is  evident  that  V2  is  the  specific  volume 
per  pouDii  at  p2,  the  pressure  at  the  section  of  area  A^ 

AV 

Weight  discharged  per  second  =  —^  =  T7. 

But     V2^vj  /^)  7,     Therefure 
Weight  discharged  per  second 


V2 


To  obtain  the  maximum  weight  discharged  per  second  let 
=  r.     Then    the    weight     W   becomes    a    maximiun    .when 


2.  L±r 

(r)  ^  —  {r)  ^  becomes  a  maximum. 

Differentiating  and  equating  the  first  differential  to  zero, 
2  1^1 

r  ^     r^ 

k 
Substituting  the  values  of  ^=77  for  steam  and  air  we  have: 

V2 


-  /   2   \-i- 

Dividing  by  rr  we  obtain  r=  ( -TT)''~^• 


For  an,  r==l-41;    r  =  .528  = 


Pi 


For  dry  saturated  steam,  7-  =  1 .  135 ;    r  =  ,577 = — . 

Pi 
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The  restriction  in  the  weight  clbscharged  is  caused  by  the 
actual  fommtiou   or  the  tendency  to  form  in  the  orifice  a  vend 

c&nlra€tdf  or  contracted  vein,  in  which  the  pressure  does  not  drop 
below  the  value  of  ;/2  indicated  above,  no  matter  what  the 
final  or  exterior  pressure  may  be.  From  the  contracted  orifice 
the  pressures  should  decrease  to  the  final  pressure* 

Steam -turbines. — To  underRtand  the  action  of  steam  on  the 
blades  of  a  steam-turbine,  the  student  should  review  the  deriva* 
tion  of  certain  formulas  in  hytlraulics. 

We  have  seen  that  it  requires  the  expenthture  of  Wk  foot- 
pounds of  energy  to  raise  W  pounds  through  a  height  of  h  feet; 
that  in  falling  freely  tlirough  this  height  the  body  would  acquire  a 

velocity  of  V  feet  per  second;  that  h  =  -^,  and  hence  the  energy 

possessetl  by  the  body  due  to  its  velocity  of  motion  is  W-^. 

f  Bodies  at  rest  or  moving  unifornd}*,  whether  in  straight  or 
curved  lines,  cannot  be  under  the  influence  of  any  unbalanced 
force.  In  other  words,  all  forces  acting  on  a  body  moving  uni- 
formly must  be  reducible  to  pairs  com]M)eed  of  equal  and  opposite 
forces.  A  train  of  cars  moiing  uniformly  doi\ni  a  grade  has  all 
resistances  exactly  equal  to  the  impelling  force  of  gravity:  a  fly- 
wheel moving  uniformly  iloes  no  work — it  is  actively  useful  only 
when  it  is  moving  non-uniformly. 

The  force  necessary  to  produce  a  change  of  velocity  in  a  body 
is  proportional  to  the  product  of  the  mass  of  the  body  anrl  the 
amount  of  change  in  the  velocity  produced  in  the  time  that  the 
force  has  been  acting  on  the  body, 

Fdt=^MdV, 

X  Fdt=X    MdV, 

FT^MV, 


where  m  measures  the  increase  in  Telocity^  i,e.,  acceleration  per 

unit  of  time 

A  small  force  F  acting  for  a  long  time,  T,  or  a  lare** 
acting  for  a  short  timet  T,  will  change  the  velocity  '"^ 


I 


J 


i 
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\       from  0  to  V  feet  per  second,  or  add  V  feet  per  second  to  any 
previfiiisly  acquireft  velocity.     If  a  body  ban  any  velocity;  V  imii 
ptT  st^eontl,  we  may  supiKJ-se  thtit  s^iicb  velocity  was  acquired  from] 
lero  velocity  in  one  second;  Iberefona 

If  a  body  took  T  seconds  to  acquire  a  velocity  of  V  feet  per 

eeeond  (imtial  velocity --0),  the  uiean  velocity  would  be  —^  and 

V 
the  apace  paBsed  over  would  be  -^T.    If^  however,  a  botly  hm  a 

velocity  of  V'  feet  per  second,  we  may  suppose  tliat  velocity  waa 

acquireti  in  one  gecond,  hence  tlie  ajmce  passecl  over  Ti"ould  be  -5 

under  the  action  of  a  force  F^MV. 

As  energy  is  the  product  of  a  force  and  the  distance  through 

which  that  force  was  exerted,  the  energ>^  exerted  011  the  body  nill 

V     MV^      WV^ 
be  the  product  of  il/ 1'  and  —  or    \^    ■  or  —^-^     In  other  words,  tjie 

energj'  put  into  the  body  i,s  equal  to  the  energj^  it  possei5aes  h  j 
virtue  of  its  acquired  velocity. 

As  g  is  always  expressed  in  feet  per  second,  it  is  wise  to  express 
all  other  quantities,  in  the  same  equation,  in  terms  of  units  homo- 
geneous with  it.  Hence,  in  deahng  with  a  continuous  stream,  it  is 
convenient  to  express  3/,  the  mass  of  the  fluid  stream  passing  per 

wAV 
second,  by  — — ,  where  w  is  the  weight  of  the  fluid  per  cubic  foot, 

A  is  its  cross-sectional  area  in  square  feet,  and  V  is  its  velocity  in 
feet  per  second.  The  force  in  pounds  that  could  be  exerted  by 
such  a  stream,  if  its  line  of  action  were  diverted  through  90^,  would 

in  A  V2 

be  Fgoo=MV  or ,  since  the  velocity  in  the  original  direction 

is  reduced  to  zero.  Hence  the  force  exerted  is  proportional  to  the 
velocity  squared.  Analyzed,  the  expression  is  (wAV)  pounds  mul- 
tiplied by  feet  per  second  divided  by  feet  per  second.  The  pro- 
duction of  this  force  causes  no  loss  of  energy  so  long  as  no  portion 
of  the  force  is  exerted  through  a  distance.  In  fact,  if  the  stream  is 
bent  through  180°  by  means  of  a  frictiomess  bend,  the  force  that 
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the  stream  exerts  on  the  bend  in  the  direction  of  the  original 
stream  is  twice  the  above  amount,  or 

Friction,  of  conri5e,  causes  a  rerhiction  of  energy,  since  the  frictional 
resistance  has  its  line  of  action  parallel  but  opposite  to  the  line  of 
motion  of  the  stream, 

A  derivation  of  a  general  formula  for  the  force  exerted  when 
the  line  of  action  of  a  stream  is  bent  through  any  angle  a  will  now 
be  given. 

Impulse  Due  to  a  Jet  Moving  on  a  Curved  Blade, — Let  a 
Btream,  cross-section  .4  square  feet,  weight  w  pounds  per  cubic 
foot,  velocity  V  feet  per  second,  measured  where  cross-section  of 
stream  is  A  square  feet,  strike  a  frictioidess  vane,  BC,  of  such 
curvature  that  the  stream  is  fieflected  tlirough  a  degrees^  as  shown 
in  Fig.  170.  Each  ds  of  the  vane  will  react  radially  an  amount 
exactly  equal  to  the  radial  force  exerted  by  the  stream  througli 
having  its  line  of  action  diverted.    The  amount  of  this  radial  force 

Lon  any  elenieutary  ds  is  equal  to  the  centrifugal  force  of  the 
weight  of  the  fiuiti  that  is  on  that  area  at  that  instant. 


The  horizontal  component  of  this  force,  dF^,  =dFr  sin  9, 

The  vertical  component  of  this  force,  dFy^  ^dFr  cts^. 

The  total  force  exerted  on  the  whole  vane  along  the  X  and  Y 

axes  vdW  be  equal  to  the  integral  of  the  above  quantities  between 

the  liniits,  0  and  a,  for  the  angle  Q* 

J?,=  /   dF^^  /   df'rsin^-  /    ~sin^ 

t/o  t/o  t/o        gr 

Fy=  /    dFy=^  /    dFrt^OSO^  /    -^^^—  cos£ 

Keeping  in  mind  that  0  and  dO  measure  the  lengths  of  arcs  at  unit 
radius,  we  may  get  rid  of  the  variable^  r,  by  substituting  ds^rd^. 


Fig.  233. 
But  the  weight  of  fluid  flowing  per  second,  W,  '=wAV.    Hence 


WV, 


WV 


WV 


Fx  = (1  -cos  a) ,     F»  = sin  a,      Fr~ ^V2(l  -  cos  a). 

Knowing  the  totals,  Fx  and  Fy,  the  direction  of  the  resultant 
impulse  Fr  is  given  by 

Fx    1— cosa 


tan/?=^  =  - 


sin  a 


(p  being  the  angle  between  the  totals  Fy  and  Fr.) 

Nons. — The  above  formulas  may  be  gotten  more  simply  thus:  If 

the  stream  is  turned  through  90°  and  the  velocity  in  the  origioal 

WV 
direction  becomes  zero  the  force  is .    Hence  for  any  other  angle. 

WV  WV 

and  2F  =  0,  we  have  Fx  = (1  — cosa)  and  Fy«« sina. 

g  9 


n 
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The  values  of  F  given  for  tlit*  angles  90*^  anfl  180^  may  be  nlv 
tainai  from  these  general  equations  by  making  a  ^90^  or  ISO**. 
The  value  of  cosct  is  additive  if  the  angle  through  which  the 
stream  k  turneil  is  greater  than  90^  and  subtractive  if  it  be  less 
than  90°. 

In  the  derivation  of  the  formula  a  indicated  the  angle  thruugh 
which  the  stream  is  turned.  Frequently,  however^  the  supple- 
mentary angle  or  the  angle  lieweini  the  entering  and  departing 
streams  is  used.    Henee  the  preceding  formulas  often  appear  as 

WV 

Ff,= sin  a, 

Wl 


F^=— V2(l-fcosa), 

A  modification  of  the  preceding  lines  of  motion  is  seen  in 
Fig.  171,  where  the  entering  and  leaving  streams  are  inclined  at 


A' 


VJV. 


.^M 


L^. 


S^ 


St&tto-nao'  BU^e 


Flo,  234. 

angles  a  and  ^  with  F^  the  line  of  action  of  the  required  force. 
For  a  stationary  and  jrictumkss  vane  the  entering  and  departing 
Yelocities  must  be  equal  since  there  can  be  no  loss  of  energy.    The 


f 


PI    fm^  du 
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due  to  W  in  iis  line  of  action  is 


9 


The  T€actum  due  to 


1%  in  its  line  of  action  m 


liiia  of  Ection  of  F  and  we  have 


? 


Resolving  theses  forces  along  ibc 


As  V.^^Fj, 


TfF, 

i^i  =  Ft?  eos  «  =  — -'  cos  fl£, 

Pa^F^  cos  /?^  - — ^  cos  B, 

g 


The  action  or  the  impulse  of  the  stream  against  the  bucket  when 

stationary,  as  in  the  preceding  examples,  or  when  moving,  as  in 

the  exampk\s  that  follow,  and  wholbt*r  friction  b'  regiLr<k*il  or  dis^ 

regarded,  may  be  found  by  the  application  of  the  following  rule* 

Draw  the  line  of  motion  of  the  vane  or  bucket,      Fuid  the 

velocities  of  entrance  and  depart un?  of  the  stream  relative  to  thi? 

bucket  sect  inn.     Re^nlvp  thvne  vdoritiea  akm^  the  linn  of  niotifva 

of  the  bucket.    To  obtain  the  impulse  multiply  the  algebraic  sum 

W    wAV 
of  these  components  by  —  = .    Hence 


F  = 


9 
wAV 


(T\  cosa  +  F;COs/?), 


where  ^  is  the  cross-section  in  square  feet  at  the  section  where  V 
is  measured,  Vc  is  the  relative  velocity  of  entrance  and  Vf  is  the 
relative  velocity  of  exit  from  the  wheel. 

The  same  result  will  be  obtained  if  Vi  is  the  absolute  velocify 
at  entrance  and  Vj  the  absolute  velocity  at  exit  from  the  wheel, 
since  the  sum  of  the  components  of  these  velocities  is  the  same 
as  the  sum  of  the  components  of  the  relative  velocities. 

The  work  done  per  second  will  evidently  be  the  above  force 
multiplied  by  the  velocity  per  second  of  the  vane.  If  i?  is  that 
velocity  then  the  work  =  Fr. 

In  Fig.  235  let  the  bucket  move  in  the  direction  of  F  with  the 
velocity  v.  The  velocity  of  entrance  relative  to  the  bucket  sec- 
tion   is    V—v,    The    velocity    of  departure    is    necessarily  the 
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same.  Resolving  the  velocity  of  entrance  along  F  and  we  obtain 
(V  —  r)  cos  0°  ^  F—  V.  Iteolving  the  velocity  of  departure  relative 
to  the  bucket  section  aloog  F  and  we  obtain  {V—v}2ma.    As 


'A^' 


VN^^ 


YJfV-ti>  +   jy^'V)  cos  a  J*  F 


^F  Fig.  236, 

the  stream  has  been  turned  through  more  than  90^  these  quan- 
tities are  to  be  added. 


Hence 


W 
F  =  -{F-tO(l+  cos  a). 
9 


In  Fig.  236  let  the  bucket  move  in  the  direction  F  \Wth  the  velocity 
V.  If  the  absolute  velocity  of  entrance  of  the  stream  be  V^,  its 
velocity  relative  to  the  bucket  section  on  entrance  is  K,  in  the 
direction  .shown  and,  on  cleparture,  the  relative  velocity  is  Vf=  Vi, 

I     neglecting  frictional  and  other  resistances.     Resolve  the  relative 

1     velocities  along  the  direction  of  F  and  obtain 


w 

F  =  —Vf  {co6  a+  cmP) 


Vf  equals  V^  since  there  is  no  friction,  v  is  the  velocity  of 
the  bucket  and  l\  is  the  absolute  final  velocity  of  the  stream. 

From  the  velocity  diagrams,  other  equivalents  may  be  obtained 
iovF 


W 

F-— (Vf  COB  k-v-^VfCm^l 

W 
F^^V^cOB  X±V2  cos  J), 


Fl0.  236. 

the  relations  that  exist  between  V\j  v  antl  A. 
determined  from  the  relation  found  as  follows: 


Hence  a  can  be 


V     sin  (a  —  X)     sin  a  cos  A— cos  a  sin  X 


whence 


sma 


sma 


cot  a  =  cot  X— 


=  cos  A— cot  a  sin  A, 


Ft  sin  A' 


Shock  is  avoided,  then,  by  having  the  entering  angle  of  the 
back  of  the  blade  parallel  to  the  relative  motion  of  the 
entering  stream.  On  the  other  hanrl,  the  angle  of  leaving  is 
one  of  the  principal  factors  in  determining  the  efficiency  of  the 
mechanism.  The  difference  in  the  energy  of  a  stream  on  entering 
and  on  leaving  a  blade  must  appear  either  as*  friction  or  as  useful 
work.  Efficiency  is  increased  by  making  the  energy  rejected  as 
small  as  possible. 

If  a  stream  has  an  absolute  velocity.  Ft,  before  it  meets  a 
resistance  and  an  absolute  velocity  of  V2  afterwards  the  loss  of 


/^ 
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energ>'  of  the  stream  is 


W(V.^^  IV)     wAAMV:'-  v^ 


This 


2g  2g 

loss  of  energy  may  appear  as  the  work  of  friction,  useful  work  in 
moving  the  vane  against  a  resistance  or  both  combined. 

Disregarding  friction,  let  us  deteniiine  the  comlitious  of  maxi- 

(mum  efficiency.    It  will  evitlently  tlepend  upon  making  Vz  or  frd 
FigB.  236  and  237,   a  minimum . 
Disregarding  friction, 
I  ab=bc  =  €d, 

b(P^ae^-2{€bxbg)-2i€bxef), 
b€P^V2^^V?--2v(V,Qosa^ViCOBff), 
y/  -  V?  -2vVi(cos  a  +COS  /?). 
Maximum   Efficiency   under  Various   Conditions.  —  I.   If  the 
stream  is  turned  through  180°  both  a  and  ^  will  be  zero,  hence 
cosa  =  coSjil^I, 


F2-O 


and    v=^Vi^-^^ 


/ 


-v.-v, 


!      For    the   highest  theoretical   efficiency  the   stream   should   be 
tinned  through  180^  and  the  velocity  of  the  vane  should  be  on^ 

half  the  velocity  of  the  entering  stream, 

r  Fig.  237. 

F  2.  As  a  rule,  it  is  not  fea^sible  to  have  of-.f=^0. 

a,  and  ^  are  fixed,  V^  has  a  minimum  value  when  {vV 
mum.    If  Vm  and  a  are  fixed  in  amount,  a  circul 


7"^^: 


•  e 


wn 
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passed  throu^a,  b,  and«,  unce  we  have  given  a  chord  and  theam^ 
subtended  by  the  chord  and  as  Vi  must  be  ksa  than  Vt.    Let  dk 

vV  Jam 

be  the  drcular  arc  and  h  the  varying  point  on  it.    Now  — ^ — 

is  the  area  of  the  triangle  abe  and  so  is  w  multiplied  fay  As 
altitude.  Since  sin  a  is  a  constant,  anything  that  moraases  the 
area  of  the  trian^e  increases  the  value  of  vVi.  Hie  altttode 
perpendicular  to  oe  is  a  maximuin  when  6  is  the  middle  point  d 

the  arc  abe.    Hence  vVi  is  a  maxiniuin  ^tin  v=^Vi  or  i^^. 
Therefore,  when  F.,  a,  and  fi  are  fixed,  the  best  economy  occms 

when  the  speed  of  the  blade,  v,  is  sueh  that  v  cos  ^^ -*-2^ 
3.  If  F«  is  fixed  in  direction,  and  we  kric^w  that  ^^a,  but 

we  do  not  know  the  value  of  either.    (Fig.  237.) 


F2»-F.a-4»F<oos^. 


( 


As  F«  is  fixed  in  direction,  i  and  F«  mn  X  are  conBtantJ 
Vz  cos  ^=  Fi  cos  a.  Vj^  is  made  a  minimurii  l>y  making  rT",  em  f 
=  (eb  xbg)  a  maximum.  As  e^  is  a  constant,  the  maximum  rectangle 
or  product  of  its  parts,  when  divided  into  two  parts,  occurs  when 

the  parts  are  equal,  viz.,  form  a  square  of  which  ^  is  a  side. 

Hence  v  =  ^V,  cos  k  is  the  condition  of  maximum  eflficiency. 

De  Laval  Steam-turbines. — In  the  De  Laval  steam-turbine, 
Fi^.  2liS,  stcani-jets  issuing  from  suitably  designed  nozzles  im- 
pinge against  the  vanes  or  buckets  of  a  single  tiu'bine-wheel 
designed  and  constructed  to  revolve  at  revolutions  varying  from 
30,000  per  minute  in  the  10-H.P.  size  to  11,000  per  minute 
in  the  300-H.P.  size.  The  steam  enters  the  passageway  be- 
tween buckets  at  one  side  of  the  wheel,  passes  through  at 
constant  pressure,  but  with  rapidly  diminishing  velocity,  and 
is  discharged  on  the  other  side  into  the  atmosphere  or  con- 
denser. The  diagrammatic  sketch,  Fig.  239,  shows  how  the 
pressure  in  the  nozzle  decreases  from  that  of  the  boiler  to 
that  of  the  atmosphere  or  condenser.  The  turbine-wheel  re- 
volving in  this  low  pressure  has,  therefore,  low  frictional  resist- 
anftfi  on  the  sides  and  the  tlirust  in  the  direction  of  the  axis 
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ijs  practically  very  snialL  It  further  shows  that  the  maxhtmni 
kvelocity  of  the  steam  is  generated  in  one  nozzle  in  one  stage  and 
Itlie  total  absorption  of  thin  velocity  takes  place  in  one  running 

wheel*     The  j?inipliclty  of  this  arrangement  is    as    remarkable 

as  are  the  velocities  that  it  necessitates. 

Tlie   centrifugal   stresses  generatefl  in  the  turbine^wheels  of 

thia  design  requires  not  only  the  use  of  special  metal  but  special 


r 


JBfcAViir:^ 


Fio.  238.*— The  De  Laval  Turhioe  Wliael  and  Noazlois, 


forms  and  special  care  in  balancing.  The  wheels  are  made  of 
forged  nickel  steel,  flaring  (in  a  cross-section)  from  the  periphery 
to  the  liub,  solitl  in  the  larger  sizes  to  avoid  loss  of  strength  due 
to  perforation  even  for  the  axle,  and  mounterl  on  a  flexible  sliaft 
to  avoid  the  vibration  stresses  that  are  ine\i table  when  an  imper- 
fectly balanced  mass  is  rotating  with  a  rigitUy  fastened  shaft* 
Even  if  the  wtieel  were  perfectly  symmetrical  in  shape,  at  the 
high  ppeefls  at  which  these  wheels  ruiate  the  slightest  difference 
in  mass  density  would  set  up  vibration  waves  which  would  pr* 
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duce  enormous  stresses.  The  velocity  of  rotation  of  the  tiv- 
bine-shaft  is  reduced  by  one  or  more  pairs  of  spiral  gears,  latb 
of  ten  to  one,  meshing  in  opposite  directions  to  transfer  all  axU 
thrust  to  the  slower-moving  shaft. 

Theoretical  Design. — ^The  expansion  in  the  Laval  nonk  k 
practically  adiabatic.    From  the  entropy  diagram  we  may  easiljr 


u 

|! 

CkmJrui..r  or 

''I 

i^ihUiiflt  prrm^o 

^1 

Fig.  239. — Diagrammatic  Sketch  of  De  Laval  Turbine. 

calculate  the  loss  of  heat  as  heat  when  steam  expands  adiabatic- 

ally  from  any  given  pressure  to  that  of  the  atmosphere  or  to  a 

given  pressure  in  a  condenser.     The  heat  so  lost  is  the  value  of 

y  2 
(Hi— Ho)  in  the  equation  -y-  =  (Hi— H 2)778,     Hence  we  may 

obtain  the  value  of  Vt  (theoretical  velocity).  In  the  De  Laval 
nozzles  this  velocity  may  reach  2500  or  3000  feet  per  second 
or  more.    The  practical  value  of  T^-=.95F^ 
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It  was  shown  on  page  456  that  when  F,  is  given  in  tlirection 
and  ainouot  and  that  a=^  the  maximum  efficiency  of  the  tur- 
bine is  obtained  when  the  lineal  velocity  of  the  vanea,  r,  ^\V\  cos  k. 
Tills  makes  id  at  right  angles  to  the  direction  of  i^  and  gives  a 

maximuin  value  to  —^ .    If  A  is  20  degrees,  JF,  co8A=the 

required  lineal  velocity  of  the  buckets  =  r  — .47 F*.  Hence  if  F« 
^lias  a  value  of  2*^K)-3(XH)  feet  per  secondj  the  velocity  of  the  buckets 
niU  have  to  be  1175  to  1410  feet  per  second.  The  actual  velocity 
of  the  periphery  of  the  wheel  in  the  10-H,P,  size  18  525  feet  per 
©econd  ami  IKK)  in  the  3(X>H.  P,  size.  The  makers  claim  that 
these  reductions  are  made  not  m  much  for  the  difficulties  arising 
in  the  turbine  construction  as  for  economic  reasons. 

In  the  discussion  of  efficiencies^  for  the  sake  of  simplicity  all 
references  to  the  quantitative  effect  of  friction  were  omitted.  In 
practice  this  feature  merits  close  attention.  In  the  chapter  on 
entropy,  it  was  shown  that  when  one  mass  moved  over  another 
friction  was  created.  Tiiis  friction  increases  in  turbines  with  the 
density  of  the  steam  anil  velocity  of  the  moving  vanes*  In  adia- 
batic  expansion,  considerable  quantities  of  water  are  formed  and 
the  presence  of  thi.s  water  materially  increases  the  friction.  Hence 
we  see  the  economic  reason  of  redm*ing  the  velocity  of  the  vanes. 
Whilst  other  forms  of  turbines  havt*  much  lower  velocities^  the 
amount  of  surface  that  the  steam  passes  over  is  also  materially 
increased  and  it  b  doubtful  if  the  friction  is  any  less  in  them. 


In  practice  yl  =  17"'-20^  «=^f  =  30^  Fg- JOF,  to  .SL5F 


The 


mdicateu  work  per   pound  of  st^»am  =  -:r — -  — *rl-r -r-, 

^9        ^  2g       2g 

With  the  large  machines  the  .3  may  decrease  to  JO  or  .15  * 

Curtis  Turbine.— In  thi.s  turbine  the  total  expauBion  of  the 

steam  is  divided  between  two  to  four  sets  of  nozzles  in  place  of 

Ijeing  confined  to  one  set,     FurthiT,  ia^t(*ad  <^f  onv  rotafin*y  wh**»*I 

ab.Horbing  the  kinetic  energ>'  of  the  stcani  from  each  of  ihi^si*  sets 

two  or  more  such  w%ei:*ls  are  used.    The  latter  at" 

each  other  by  stationary  discs  carrying  fixed  vt 

direction  of  the  steam  as"  it  leavi*s  thi*  rotg 

manner  that  its  velocity  may  bt*  par  til  " 
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rotating  wheel.  The  diagrammatic  sketch,  Fig.  240,  shows  the  los 
of  pressure  and  the  gain  in  velocity  of  the  steam  in  two  sets  (rf 
nozzles.  In  its  flow  through  each  set  of  stationary  and  rotating 
wheels  the  static  pressure  is  i)ractically  constant  whilst  the  velocity 
head  Is  absorbed  in  the  work  of  the  rotating  w^heels.  The  cross- 
hatched  area  shows  the  division  of  the  actual  work  among  the 


Work 


I.o'-s  Uon\  .,.-- 
RriauiimiK  Vt  lucliy 


Vu,.  210 — Diagraruiujitic  Skctrli  ol  Curtis  Turbine. 

liioviiiic  wh(M'ls,  ilic  (lotted  line  i^howing  th(*  limits  of  the  thoorotical 
work. 

In  th(^  Dc  r>av.'il  turbine  it  is  nocossiiry  to  make  Vy  as  small  as 
])ossil)l(',  as  it  iv])rf\<('nts  waste  vdocity.  Wo  have  seen  that  ilie 
velocity  of  steam  Icaviiitr  a  frictionless  and  stationary  vane  is  the 
same  as  th(^  entcrintr  vcloeity.     If  the  eni^-gy  in  the  steam  leaving 
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a  rotating  wheel  Is  not  wasteti,  but  can  be  utilizeci  in  a  sueoeedmg 
rotating  wheel,  there  m  no  necessity  to  retluce  V^,  This  permits 
a  reduction  of  Vj  the  lineal  velocity  of  the  turbine- vanes.  In  fact, 
if  there  are  six  rotating  wheels,  their  veloeity  may  be  theoreticaUy 
one-.^ixth  that  which  is  required  when  there  is  only  one  rotating 
wheel 

This  reduction  in  the  required  veloeity  of  the  rotating  vanes 
— without  too  great  loss  in  efficiency — is  extremely  desiimble  for 
many  mechanical  reasons.  In  the  first  place  the  problems  of 
construction  in  the  turbine  itself  are  rendered  less  difficult,  and, 
in  the  next  place,  direct  connection  with  generators  becomes  pos^ 
siblc*  The  high  sfXied  of  the  De  Laval  Ivu-bine  has  to  be  reduced 
by  gearing,  which  is  not  practical  in  large  sizes;  for  instance,  the 
large^tt  De  Laval  turbine  is  a  3(Xhkw%  unit,  whilst  that  of  the  Curtis 
type  h  6000  k\\\ 

In  the  De  Laval  turbine  a  {lefect  was  found  in  the  friction 
that  resulted  from  wet  steam  moving  at  high  velocity  past  the 
vanes.  In  the  CurtLs  turbine  the  velwity  is  lowereil  and  the 
steam  is  drier,  but  there  k  a  coasiderable  increase  in  the  surface 
over  which  the  steam  must  pass.  Rateau  *  claims  that  the  Curtis 
design  is  an  inefficient  one  and  will  dbapjiear.  On  the  other  hand, 
Jacobus  t  asserts  that  "  if  we  take  the  figure^s  given  for  tlie  water 
consumption  of  the  IX^  Laval,  Rateau,  and  Curtis  wheels  and 
compare  them  with  the  results  obtained  for  corresponding  powers 
antl  pressures  of  the  Westinghouse-Parsons  turbine  we  will 
find  that  they  are  practically  the  same,"  In  making  comparisona 
care  must  be  taken  to  compare  turbines  of  similar  dimensions 
operating  at  equal  power*  In  turbines,  only  the  delivered  or 
brak(?  horse-power  is  measured*  As  the  friction  is  practically  the 
same  at  all  powers,  it  is  evident  that  at  low  powers  the  water 
consumption  will  be  excessive  w^hen  compared  to  that  at  high  onee 
of  the  same  machine. 

Fig.  241,  Tile  turbine-blade  may  be  sketched  in  if  we  have  tha 
velocity  of  entrance  j4J?,  the  peripheral  velocity  CB,  and  tlie  blade* 
a  ngle  J.  For  A  C  will  be  the  angle  of  t  he  back  of  the  blade  at  entrance, 
and  if  there  is  no  friction  CD^AC  will  be  the  relative  '  ^  '■*« 


♦  TrAns.  A.  8*  M,  E,,  Vol.  XXV,  p*  788 
t  lbi(L,  p  774. 


Vtom,  241  and  242.    (Froui  rbotnafi'  Steam-tiirtnnoB.) 
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^absolute  velocity  of  departure,  as  DE  ^  CB.  For  a  series  of  buckets^ 
as  in  the  Curtis  turbine,  where  AB  represents  the  initial  velocity 
and  NP  the  final  velocity  a  diagram  similar  to  Fig,  179  iimy  be 
drawn.  In  this  theoretical  dijigrain  AC^CD,  EK^KL,  etc.  If 
the  friction  is  t  o  l)e  considered  then  CD  =  (l-DAC,  KL  =(!-/)  EK, 
etc.,  where  /,  f  are  the  coefficients  of  friction, 
Stodola  has  the  follomng  (Fig.  243): 


W^ 


Fio.  24a 

The  friction  in  a  nozzle  has  the  effect  of  decreasing  the  exit 
velocity  to  the  value 

where  co  denotes  the  theoretical  value 


Co  =  V2gLo778  =  v'2ff (ff i  -  H2)778. 

The  coefficient  ^  can  be  taken  in  long  nozzles  ^ith  condensation 
at  ,95  to  90 ;  in  short  nozzles  with  free  exhaust  at  .95  to  .975, 
Combining  Cy  with  —  ?i  again  gives  (relative  velocity)  it^j,  but  this 
is  decreased  by  friction  and  eddy  currents  during  exhaust  to  the 
Binaller  value 

li?3  =  Mi 
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tepenck  upon  the  velocity  u>i,  on  the  form  <t 
lier  factors.  It  appeara  that  the  miiaUa«Et  valtje  d 
,  ^nailer  valuer  of  ?i'|j  <(*  would  incrc^ase,  and  iri^i 
iiiight  approxiiuatdy  be  aHtiiiiatetl  at  froni  ^85  to 

El    i  ^u  give  the  velocity  of  exit  c^. 

losses  by  friction  expressed  as  loss  of  work  are,  m  tk 


% 


il6, 


blade-channel, 


^  blade-c] 


2ff 


2ff 


■■il~'^^%l 


''indicated  work  ''  per  poui 


u 


T   ^^ 


r4*^-cj2 


\  indicatcil  efficieucyy 


2g 


^1 


The  indicated  power  in  H.P., 

WL 
iVi  =  -ggj^,    where  (TF= weight  of  steam  per  second). 

Deducting  from  Ni  the  wheel  and  bearing  friction  we  get  the 

effective  power  at  the  turbine-shaft,  ly,  =  tt^. 

JSq 

In  any  case,  if  the  absolute  velocities  at  entrance  to,  and  exit 

from,  any  wheel  be  resolved  in  the  direction  of  motion  of  the 

buckets,  or,  in  other  words. 

Let  Ci  and  Ca  =  the  peripheral  components  of  the  initial  and 

final  absolute  velocities, 

P= total  peripheral  force, 

il/  =  mass  of  steam  flowing  per  second^ 

w  =  peripheral  velocity  of  the  wheel, 

P  =  M{Ca±C.), 

then  work  per  second,  Pu,  ^M(Ca±c,)u,     (See  page  452.) 
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The  following  data  and  Fig.  244  are  taken  from  Thomas  on 
an  Turbines: 

T  corresponding  to  160  pounds  abs.-^S24'^  F,  abs. 


14 


670^  F.  '* 


Stoun  imtially  dry.  Velocity  of  tiirbine-blades  =  w^400  feet 
T  second.     Angle  of  nozzles  =  20*^. 

In  the  second  stage  the  quality  has  been  increase<l  from  the 
heat  arisuig  from  friction  from  .i^iS  to  .912.  In  thi^?  stage,  steam  at 
14  pounds,  quality  .912,  is  to  expand  to  a  vacuum  of  29"  or  a 
tenqjerature  of  540**  absolute. 

Fig.  247  iUnst rates  the  general  arrangement  of  the  Curtis 
turbine.  The  fly-ball  governor  at  the  top  regulates  in  a  positive 
maimer  the  opening  of  one  or  more  small  pistons,  shoi^Ti  at  the 
right  of  the  eiit.  TlieiH?  control  the  admi^ssion  of  steam  and  there- 
fore tlic  pfjwcr  t)f  the  governor* 

Parsons  Turbine  (Figp  248). — -4ji  examination  of  the  dia- 
grammatic sketch  of  the  Parsons  turbine  will  di^sclose  the  following 
peculiarities : 

1.  The  buckets  or  vanes  of  the  rotating  discs  of  the  Parsons 
type  are  carried  on  revolving  drums. 

2.  The  stationary  vanes  are  carried  from  the  casing  and 
have  no  tliapliragin  reaching  to  the  axle  or  shaft. 

3.  Tliere  are  no  nozzles  as  in  the  Curtis  type.    In  their 
place  are  stationary  vanes  uniformly  spaced  over  the  entire 

j^H      periphery,     A.s  a  result  all  the  vanes  of  the  turbine  are  in  con^ 

^M     tiimous  use. 

^P  4.  If  we  call  a  ch'cle  of  stationary  and  a  circle  of  revolvuig 

^      vanes  a  stage,  that  the  nundn^r  of  >5tages  is  very  great,  ranging 

^-      from  50  to  ICW.     Tliey  are  not  shown  in  this  sketch  because  uf 

^M     the  scale  required  for  clearness. 

^m  5.  That  the  velocity  of  the  steam  increases  in  the  stationary 

^^      circle  of  vanes.    In  the  revolving  vanes  it  first  decreases  and 

then  increases, 
I  6.  That  the  fall  of  pressure  is  practically  uniform  and  occurs 

.  in  both  the  stationary  and  revolving  circles  of  vanes, 

[  7.  That   the  entering  angle  of  the  rotating  vanes  is  almost  & 

right  angle  and  the  leaving  angle  is  quite  acute,  the  shape  differ- 
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Fig.  244. 
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DIAGRAM  AS  MODIFIED  BY  FRICTION  LOSSES;^ 
FIRST  STAGE. 


vr 


^u    ^7 


.y:=2(mo. 


rj^swo.- 


f  p 

f^ 

^ 

v:-ti(wo.  ^s,,..-^^^^^^ 

I'.'-IOBO. 

\ 

A_ 

^^ 

v;*ti^.^  ^%^ 

f 

** 

jW 

§^'^•1  jy 

^^_.1/MVh 

\j 

fi        V 

a.  . 

«  ^ 

ago. 

t?;-S»: 

1 

TWO  STAGE  IMPULSE  TURBINE 

Fio.  2ir). 


The  entrance  and  exit  angles  of  the  buckets, 
whether  moving  or  stationary »  are  not  neces- 
sarily made  equal  to  each  other,  but  are 
modified  to  suit  the  energy  distribution  aimed 
at  in  any  given  case. 

Fig.  246. 


Cdiidenisi^i'  or 


Fig.  248. — Diagramiuatic  Sketch  of  Parson's  Turbine. 
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ing  materially  from  the  lunes  of  the  Curtis  type,  and  hence  is 

easily  recognizecl. 

The  outlet-opening  between  two  buckets  of  a  rotating  vane 
being  smaller  than  the  inlet  openings  compels  the  steam  to  expand 
and  accelerate  its  motion,  since  a  constant  mass  must  pass  between 
the  vanes.  Force  is  required  to  produce  this  acceleration^  and 
this  force  protluces  a  reaction  which  acts  in  the  direction  of  the 
rotating  vane.  Therefore  the  steam  acts  by  impulse  on  the  enter- 
iiig  face  of  the  vane  and  by  reaction  on  the  lea\ing  face. 

In  the  De  Laval  turbine  we  noted  that  the  wheel  revolved  in 
low-pressure  steam,  anfl  that  the  pressiu-e  was  nearly  the  same  on 
both  sides  of  the  wheel.  The  Parsons  turbine-vanes  revolve  in 
high-pressure  steam,  and  the  pressures  are  unequal  and  must  be 
balanced  either  by  balancing  pistons  or  by  an  opposing  turbine. 
The  general  construction  uf  the  Parsons  turbine  is  shown  in  the 
cro?s-section,  Fig.  249,    ^  '  ' 

Clearance  is  objectidnable,  but  often  unavoidable.  The  sta- 
tionary blades  in  the  Parsons  turbine  are  carried  by  the  casing,  and 
they  must  come  as  close  as  possible  to  the.revolving  dnmi  to  compel 
the  steam  to  pass  between  the  blades.  This  clearance  area  is  annu- 
lar in  shape  in  the  Curtis  and  in  the  Parsons  turbine^  the  inner 
diameter  of  the  ring  in  the  one  being  the  diameter  of  the  shaft 
and  in  the  other  that  of  the  steam-drum.  Any  vibration  of  the 
axis,  due  to  whipping,  causes  a  considerable  motion  at  a  ratUus  as 
large  as  that  of  a  drmn,  hence  the  clearance  in  the  Parsons  turbine 
must  be  greater  than  that  in  the  Curtis  type* 

Analysis  of  the  Parsons  Turhine.^In  discussing  this  turbine  we 
shall  consider  a  stationary  and  a  revolting  row  of  blades  as  mak- 
ing a  set  or  stage.  The  kinetic  energy  generated  by  tlie  fall  of 
pressure  in  the  stationary  row  is  absorbed  through  its  impuka 
on  the  blades  of  the  revr^lving  row.  The  reaction  caused  by  the 
increase  in  the  relative  velocity  from  Vi  to  V2  {Figs.  250  and  250^  is 
absorbed  in  the  revolving  row.  The  work  done  is  then  made  up 
of  three  parts. 

1.  The  total   kinetic  energy  created  by  fall  of  pressure 
in  the  first  row. 

2.  The  reaction  due  to  the  increase  of  relative  velocity 
in  the  second  row. 


Fig.  250. 


Tig.  260a. 

blades  is  negligible,  the  total  kinetic  energy  generated  there  is 
per  poimd  of  steam  per  second 
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If  there  are  fn-l)  similar  stages  the  total  work  for  n  stage^i 


includlug  the  firat^  will  be 


I         IHUIU 


y,2  Vi^-vi' 


-(»-i)[ 


Fi^-lV     v^-v,^ 


ig 


'2g     S 


u 


The  Haiiiilton-Holzwarth  turbine  is,  like  the  Parsons  tur- 
bine^ a  full-stroke  turbine;  that  is,  the  steam  flows  in  one  con* 
linuous  belt  or  veil  in  screw^  line  through  the  turbine* 

The  steam  w^orkg  only  by  impact,  not  by  reaction,  thus  avoid* 
iiig  the  balancing  pistons  of  Parsons. 

In  the  stationary  blades,  which  reach  up  to  the  shaft  in  order 
to  restrict  the  tlangerous  clearance  to  a  niininiiuu,  the  steam 
has  a  chance  to  expand  and  reach  a  certain  vx^locity  and  a  cer- 
tain direction  in  which  it  impinges  the  next  runniiig-wheeL 

The  absolute  velocities  of  the  stt^am  in  this  turbine  are  higher 
than  in  the  Parsons  turbine,  but  they  are  low^er  than  in  the  Curtis 
and  much  lower  than  in  the  De  LavaL  In  this  turbine  the  steam 
is  expanded  in  every  stationary  blade  down  to  a  certain  pressure 
and  accelerated  up  to  a  certain  velocity,  which  is  nearly  exliausted 
in  the  following  running- wheel 

Steam-Engine  versus  the  Steajn-Turbine.  — The  steam-engine 
anil  the  steatri-turbine  are  often  eompareil  and  it  is  desirable 
to  point  out  the  ativantages  of  each.  The  steam-engine  fintls 
its  most  efficient  territory  in  the  high  ranges  of  preasurt*  whilst 
the  turbine  is  best  adapted  to  low  mngcs,*  To  deal  with  low 
pressures  the  steam-enpne  cylinders  become  enormous  in  size — 
hence  difficult  to  construct,  operate,  and  repair— the  mechanical 
friction  losses  are  excessive  and  the  same  is  true  of  thermal  losses 
due  to  varying  temperature  of  the  cylinder  walls  due  to  thermal 
cyclic  change s»  At  low  pressures  the  steam-turbine  is  free  of 
these  excessive  mechanical  and  thermal  losses. 

A  combination  of  the  steam-engine  and  steam-turbine  is 
rapidly  coming  into  fa  von    A  good  Corliss  engine  with  cylinder 

^  At   high   mngtis  of  pressure   tbe   ateaiu   turbljie  ia  haadi' 
small  specific  volume  of  Hteam  and  the  consequeiiL  hij^h  ]**■ 
losses  wbieh  increase   directly  with    the    preaaupe.     In 
thes^  baaee  are  about  constaat  no  matter  what  the  pt 
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ratios  of  1  to  2.5  or  1  to  3.5;  exhausting  at  15  or  20  pounds  abso- 
Jute,  will  have  at  normal  load  an  efficiency  of  72%  of  that  of 
the  Rankine-Clausins  cycle.  The  steam-tiu^bine  working  from 
15  or  20  pounds  absolute  down  to  a  moderate  vacuum  will  pve 
73%  efficiency  and  70%  is  guaranteed  in  the  market.  The  com- 
bined efficiency  (65  to  75%  of  the  ideal  cycle)  is  considerably 
higher  than  that  given  by  either  engine  or  turbine  alone. 

In  many  cases  the  steam-turbine  can  be  profitably  added  to 
existing  plants.  The  low-pressure  turbine  may  be  used  in  rolling 
mills  or  in  certain  cases  where  it  is  desirable  to:  (1)  Increase 
the  capacity  of  an  efficient  engine  plant.  (2)  Increase  the  effir 
ciency  of  an  inefficient  engine  plant.  (3)  Replace  an  ineflBcient 
condensing  plant. 

That  these  effects  may  be  accomplished  is  easily  seen  when 
we  remember  that  a  plant  of  non-condensing  engines  with  a 
water  rate  of  30  or  35  pounds  of  water  per  kilowatt  hour  may 
be  converted  into  a  turbine-engine  plant  with  a  consumption 
of  15  or  18  pounds  of  water  per  kilowatt  hour  even  in  compara- 
ti\'ely  small  sizes.  In  other  words,  for  the  same  consumption 
of  coal  and  water  an  increase  of  80  to  100%  of  capacity  has  been 
obtained. 

Turbine  Auxiliaries. — LU^ally,  the  efficiency  of  the  turbine 
increases  with  eacli  increase  in  the  vacuum,  but  practically  tlio 
incn^ase  is  not  in  proportion.  In  other  words,  the  efficiency,  as 
nu^asured  at  the  coal  pile,  must  consider  tin*  costs  of  producing 
exc(\^siv(^ly  high  vaccua.  If  the  injection  water  is  warm  the 
condens(^r  becomes  ini^Hlcii^nt  owing  to  its  inability  to  work  with 
t>mall  temperature  dilTenMices  between  the  discharge  water  and 
the  steam.  As  a  result  of  the  improvement  in  jet  condensers 
tlu'r(Oias  hei^n  an  interchange  in  the  ethciency  position  of  the  sur- 
face and  jet  cond(Misers. 

.\  good  surface*  condenser  should  ojnM*ate  within  15°  difference 
of  tiMnj>eratur(*  l)etween  steam  and  discharge  water  and  a  good 
barometric  condenser  should  opi^-ate  within  10°.  In  practice, 
twiiH^  these  ditYerences  ari'  often  toleratiMl.  There  are  on  the 
market  condensers  of  tlu^  jet  type  that  luv  able  to  operate  within 
2''  to  o'^  of  the  st(\\m  temperature  without  bulky  or  wasteful 
auxiliaries^.     For  exanii  oing  a   cooling  tower  capable  of 
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cooling  the  water  down  to  the  temperature  of  the  air,  75*^  F-, 
Iwh&t  vacuum  will  it  be  possible  to  maintain? 

(1)  A  perfect  condenser  (no  temperature  difference  between 
steam  and  discharge  water)  would  ref]uire  220  \a>lumes  of  water 
for  29  inches  uf  vaeuuni.  For  28  inches  it  would  retjuire  35 
vohimes. 

(2)  An  efficient  condenser  of  the  jet  tj'pe,  working  within  5^ 
^^  difference  of  temperature,  can  maintain  28  inches  with  43  volumc^s, 
^P        (3)  An  ordinary  jet  condenser,  working  on  10"^  difiference  will 

require  57  volumes  to  maintain  28  inches, 
^m        (4)  The  orilinary  surface  condenser^  working  with  20^  differ- 
^Pence^  cannot  maintain  28  inches  of  vacuum  without  using  the 

impracticable  amount  of  140  volumes  of  water* 
^^       The  more  efficient  jet  type  is  rt*sponsible  For  reducing  the 
^■wat*?r  consumption  to  one-third  of  that  possible  with  the  surface 
a      condensing  type,* 

H  Among  the  recent  improvements  may  be  mentioned  the  Le- 
"  blanc  rotary  air-pump  attached  to  ejector  condense rs^  illustrated 
and  described  in  Engineeriruff  May  7^1909.  With  this  type  of 
plant  it  is  stated  that  the  vacuum  obtained  is  never  less  than 
98,5%  of  that  th(*oretically  possible  and  that  99%  is  often  ex- 
^^ceeded*  providiHl  the  joints  are  maintained  reasonably  air-tight, 
^P  Steam-turbines. — In  a  turbine-engine  station  suppose  that 
one-half  of  the  500  horse-powder  of  auxiliaries — cireulating  air,  feed, 
and  oil-pumps,  fans  for  furnaces,  coal-,  and  ash^eonveyors,  coal- 
erushers,  nieelianical  stokers,  and  low^-pressure  wa t^^r  service — 
are  in  continuous  use,  using  100  lbs*  of  steam  per  LH.P.  and 
exhausting  into  a  feed-water  heater*  Assmning  13, OCX)  1  Horse- 
power for  the  turbine  andean  efHciency  of  14  lbs*  of  water  per 
horse-powder,  what  would  be  the  gain  in  economy  by  driving  the 
auxiliaries  electrically  and  heating  the  feed-WTiter  by  steam  from 
an  iipemng  in  the  tm^bine  casing  where  the  normal  steani-pressure 
IB  15  Ibst  per  sq*  in.  absolute?     {En^finea-ing^  May- April,  1906 J 


*See    papers   in    Fovyer,    by   J,  R,  Bibbbs,  1905-1909,  and    Rateiiu   and 
Hoodi  1907. 


CHAPTER   XVI. 
GAS-ENGINES  AND  GAS-PRODUCERS. 

Gas-engines. 

The  Lenoir  Cycle. — ^This,  the  earliest  gas-engine  cycle,  natu- 
rally followed  the  characteristics  of  the  steam-engine  cycle.  It 
has  been  practically  abandoned  from  its  lack  of  economyc  In 
the  Lenoir  cycle  (Fig.  253)— 


Fig.  253. 

1.  Gas  and  air  are  sucked  in  for  less  than  half-stroke. 

2.  The  cluirge  is  fired  and  there  is  an  immediate  rise  in 
pressure  at  praetically  constant  volume  at  this  point  in  the 
stroke. 

3.  Expansion  follows  during  the  remainder  of  the  stroke. 

4.  The  j)iston  returns,  swet^ping  out  the  gases  for  the  full 
stroke. 

The  Beau  de  Rochas  or  Otto  Cycle. — We  sliall  see  from  the 
entropy  diagrams  that  it  is  eeonomieal  to  compress  the  gases 
in  a  eylinder  before  igniting  them.  The  Lenoir  engine  was  double- 
aeting  and  gave  trouble  from  overheating.  To  avoid  these  diffi- 
eulti(\s,  the  Otto  engine  is  single-acting,  so  that  the  cylinder-lx»re 
and  the  piston,  on  one  end,  are  exposed  to  atmospheric  tem- 
perature.    The  following  is  the  Otto  cycle  (Fig.  254). 

1.  The  gas  to  I)e  burnt  and  the  air  to  suj)port  combustion 

are  drawn  j)ast  some  form  of  gov(M'nor  into  the  cylinder  Hurin* 

the  whole  of  one  stroke,  AB. 
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2.  On  the  return-strokci  BC,  tliis  gas  mixture  is  com- 
pressed into  the  clearance  gpace  of  the  engine, 

3.  Tlie  gas  is  exploded,  the  piston  being  practically  on 
the  dead-center;  and  expansion  during  the  entire  stroke  fol- 
lows, CD  and  DE\ 

4.  The  burnt  gases  must  be  swept  out  dming  the  return- 
stroke,  E'B  and  BA. 

It  is  evident  that  there  can  only  be  one  explosion  and  one 
effective  stroke  in  four  strokes  or  two  revolutions. 

In  one  form  of  the  two-cycle  single-acting  engine,  a  closed 
vessel  is  obtained  by  encasing  the  engine.    We  must  examine 


D  ^ ^N 


-L^ 


e 


J_ 


Fto.  254. 


the  cycle  first  on  the  crank  side  of  the  piston  and  then  on  the 
other  side.  On  the  compression  stroke,  or  the  stroke  towards 
the  head,  air  is  drawn  into  the  case.  On  the  next  or  explosion 
stroke  this  air  in  s^lightly  compressed.  We  must  now  examine 
into  the  cA'entifi  that  (jccurrcil  on  the  other  side  of  the  piston 
during  these  two  strokes*  After  the  explosion  of  the  charge  and 
before  the  expansion  is  completed,  ports  are  uncovered  to  allow 
the  air  in  the  case  to  »sweep  tlirough  the  cylinder  and  displace 
^the  burnt  gases*  Tliis  action  is  calletl  scavenging,  A  further 
ftovemenl  of  the  piston  closes  the  air-ports  and  opens  gas-ports 
the  gas  charge  is  admittetl.  The  piston  now  l>eing  at  the 
stroke,  the  return^troke  is  made,  compressing  the  mix- 
ad  air. 
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Gaa-engiiiOR,  then,  are  divided  into  four-cycle,  twc-cycle,  single- 
acting,  double-acting,  scavenging,  and  non-scavenging  types. 
The  more  regular  action  of  the  two-cycle  type  is  offset  by  its 
necesHjiry  air-  and  gas-pumps  (in  large  engines).  The  short 
time  for  suction  may  prevent  proper  scavenging.  Improper 
scavenging  produces  premature  ignition  wliich  is  unsafe  in 
largi*  engines.  Where  the  burnt  gases  are  thoroughly  swept 
out,  or  where  water  is  injecteil  on  the  suction-stroke,  high  com- 
pn\ssion  up  to  4(K)  ll>s.  |ht  s(|.  in.  may  l)e  used  even  with  gases 
containing  largi*  amounts  of  hydrogen.  The  water — about  a 
pint  to  the  horsi^jxnver — ahhough  heateil  to  3500°  F.  will  not 
dissociate  on  account  of  the  high  pressure.  It.  therefore,  acts 
a;s  a  thermal  fly-wluvl.  Combustible  hquiils  like  alcohol  or  kero- 
sene could  bo  similarly  ust^l.  C>ne  great  ad\'antago  of  the  four- 
cyole  ensrine  is  that  the  time  reiiuire^l  to  make  the  ilouble  .stroke 
tends  to  stvure  a  charge  that  is  more  thoroughly  niixe<l  an  I 
at  a  hichor  :;m{vnuure  than  is  ix>ssible  in  o'hcr  t\i>€>. 

In  gxAon.ir.g-tMiginos  oi  any  ot^iv<iderable  size  the  cutting  out 
of  ai\  er.tin^  v^harp'  is  a  mot  lux!  that  is  i;o  longer  use^l.  If  the  gas 
itsi  1\  !»^\v  !;:»'.>;.  »a:  :hr  r..i\:;:r^"  is  :«v»  weak  hi  A  r.:ay 
H\    -hr  ::li:c  V-  'y.  :.:r  :i!;  i  cis  :hv  :;.ix:;:re  vnll 

"•     V     '    7     ■  •  :    .-     - "  '-    -\.-    :r:..  -::.--:-.  .   :i:..:  'U^ 

.'  ■'    ■       .-   ;•      •    .  '     ^   ■   .  ..  .-      :.'.    /  :..:  :-■ — :  •-.  wiii 


c:j..i..     }^ 


GAS'ENOIXES  AND  GAS-PRODUCERS.  483 

Cooling- water  required  per  B,H,P,-hour  for  engines  of  200  to 
1000  ILI\  (quoted  from  the  ^^  Gas-engine  ''): 

"Cylinders,  cylinder-heat  Is,  and  stufiing-boxes,  ...**,*      i    to  5  J 

Pistons,  piston-rods, 1  j  *  *  2J 

Valve  boxes  and  seats  and  exhaust-valves |*M| 

*'  These  figures?  imply  water  entmng  at  53^.6-^9°  F,  and  leaving 
the  cylinder- jackets  at  77^-95^  F.,  the  pistons  at  OS^'-lOl^  F*,  and 
the  valve  seats  and  i)oxes  at  118*^  F.'^ 

The  following  are  approximate  heat  balances: 

t&t)loi%.        ,, * — ^ 

He  a  couverted  mto  work ,  .       16  22  19  4  21  25  22 

Heut  lo^st  to  jncket'Wttter.  ........      51  3iJ  33  35  27  43 

Heiit  carried  off  by  exlkatist-go^ei.  ,31  44  43  40  38  36 

liiiduirion,(?tc ..,...,    ...         2  1  4.G        4  10  -I 

Brake  hor^^iwwer _...       ..  ..  6.3  15.47  11.15     17  12 

Uaclmiiical  efficrencj,  per  cent,  » .  .       . .  . .  87  h5  ^  H6 

Coal  [jer  B.H^R     C<m  20  U.V. 
Helaiivc  Ciwtn»  per  Huur,  for  MiO  h%yn 

Gtmtfl.  uf  lU  Haurs, 

**Ei9ctndiy,  5  c.  per  Kw.  ......,........_  5  00  SH.Ol>0 

Garolitie^  20  e.  per  gal.. ..-.--...  2 .95  1 ,770 

Steam,  mal  $:15Q,  ....... , 2.4&  1,494 

Gaj?ioline,  15  c.  per  gal , .  2 .  33  1  ^398 

City  gtks,  $1  per  M.  . 2.25  1,3.t0 

Crude  oil,  5  c.  per  gal.. . . .  2. 10  1 ,200 

Oa«oline,  10  e,  per  gal 1 .70  1 ,020 

Siictton-j>roducer,  coal  l-t.25 -  1  23  73S 

'*  Depreciation^  interest,  and  repairs  wer^  figiJr^^'  at  15  per  cent  of 
the  first  cost;  oil,  fuel,  attendance^  etc.,  were  all  addal  in  the  costs." 
(Quoted  from  **Gas-engineB.'')  Changes  in  the  cost  of  electricity 
and  in  the  cost  of  coal,  ivhere  anthracite  niuBt  be  used  for  the  pro- 
ducer^ may  change  these  figures  niateriaUy.  *^ow  20  cu-  ft.  of 
gas  and  one-eighth  gallon  of  gasoline  per  B,H.P, 

Alcohol  may  be  made  from  substances  containing  either  starch 
or  Bugar,  In  the  former  class  we  find  potatoes,  com,  rice,  barley, 
and  wheat;  in  the  other  class  are  sugar-beets  and  molasses  from 
cane-  or  beet-sugar.  Alcohol  can  be  made  from  otherwise  wast^ 
material,  as  from  diseascni  potatoes,  bitter  molasses,  sawdust,  corn- 
pith,  etc.  By  denaturizing  the  alcohol  it  may  be  made  unfit  for 
human  consumption.    This  is  accomplished  by  adtUng  subsstan^ 
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that  vary  with  the  siibs^equent  use  of  the  alcohoL  Such  aubst^ic«s 
are  pj^radin,  picoUu,  benzene^  wood  alcohol ,  gasoline,  acetone  i)ii— 
derived  from  the  grease  of  aheep-wooL  Wood  alcohol  is  CH4O, 
Ethyl  alcohol  i  spirits  of  wine},  CaHgO,  is  from  the  femientiiuoa 
of  grape-juice  or  glucose. 

I  The  use  of  small  motors  Ls  growing  enormouslj^  The  pmdtic- 
tion  of  gasoline  is  lijiiiteii,  being  about  2%  of  the  petroleuai  ob- 
tained. The  price  is  therefore  limited  by  the  deiiiancL  The  fol- 
lowing siuus  up  the  advantages  of  alcohol  when  compafed  U> 
gasoline:  ^M 

L  It  can  be  produced  as  cheaply  as  gasoline, 
2,  The  raw  materials   are   illimitable,  hence    no  fear  0^ 
scarcity.  fl 

L  3.  It  b  far  safer.     Fires  can  be  extinguiahed  with  water, 

'  4,  It  is  clean  and  sanitary  and  leaves  no  depoaits  in  Ui^ 

cylinder.  V 

I  5,  It  can  stand  far  more  compression  than  gasoline  in  small 

non-scavenging  engines. 
n.  Tn  boats  \hc  Irrtkam^  from  a  defective  pipe  will  he  mixei^ 
with  tbe  bitg^water  ana  une^qiectea  ^cplo6K»is  ptevented. 

7.  With  hi^  compression  more  power  can  be  obtained  from 

alcohol  in  small  motors  than  from  gasoline,  since  it  is  dangerous 

to  compress  the  latter  to  an  equal  extent.     The  consumption  is 

1.1  pints  to  the  B.H.P.  m  a  10-H.P.  motor. 

Calorific  Power  of  Gases.— The  calorific  power  of  a  compound 

gas,  which  can  be  burnt  or  oxidized,  should  not  be  computed  from 

the  calorific  power  of  its  component  elements,  as  heat  may  have 

been  given  out  or  may  have  been  absorbed  when  its  elements 

united  in  its  formation.     For  example,  the  calorific  power  of  16 

pounds  of  marsh-gas,  CH4,  computed  from  its  elements  would  be 

0  =  12x14,500  =  174,000, 
H=  4x63,000  =  252,000, 


or 


426,000    „,^^ 

— Yg—  =  26,600  per  lb. 


By  actual  experiment  the  calorific  power  is  23,600,  or  t 
ence   of   3000  B.T.U.    On  the  other  hand,  aoetj^eme 
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heat  than  that  derived  from  a  theoretical  computation*    In 
^mm  pouuil  of  acetylene  there  is  ,923  pound  of  C  and  *077  pound 
of  H.    Therefore 

C  =  14,500  X. 923  =  13,383 
H  =  63,000  X, 077-  4,851 


18,234 

From  experiment  the  actual  heat-equivalent  is  21,500,  or  an  excess 
of  3266  B,T,U, 

We  shall  need  the  following  caioritie  powers: 

Marsh-gas  (methane),  CH4  ...  ...  21,000  B.T.U, 

defiant  gas,  or  ethylene,  CsHj 18,900      ' ' 

Acetylene 20,750      '' 

From  the  above  the  heat-equivalent  of  any  mixture  of  these 
gases  may  be  obtained,  as  in  the  following  example: 

Mareh-^s ..,,.,.. 2  aix  21,000-  49,140 

Ethylene  (olefifmt  gtuj). .  IS  X  18,900  »  2,457 

Hydrog€-n.  .e.. 60X63,000*-  37,800 

Carbon  monoxide 20.32X    4,500^  91,440 

Nitrogen ........,,,♦,.       60. 17 

Carbon  dioxide  and  ojcygen 16 .44 

100  00  1S0.837 

Thermal  units  per  pound  =       imS 

If  the  weight  of  the  gas  per  cubic  foot  k  known,  then  the  thermal 
value  per  1000  cubic  feet  may  easily  be  calculated. 

Rise  in  Temperature  in  Gas  Combustion.-^Tlie  theoretical  rise 
in  temperature  due  to  the  heat  ]il>eratetl  m  combustion  may  be 
calculated  if  we  make  certain  a.^ii  nipt  ions  r 

1.  That  the  gases  are  burnt  in  a  non-heat-abeorbing  chapi- 
ber,  so  that  all  the  heat  is  spent  in  raising  the  temperature  of 
the  ga?es. 

2.  That  we  know  the  weights  of  the  gases  composing  the 
mixture  and  their  specific  heat  either  at  constant  volume  or  at 
constant  pressure,  depentling  upon  the  corresponding  conditions 
of  combustion, 

"     Wtf  Wz,  W^t  Ws  represent  the  weight  of  the 
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present,  and  Ci,  C^^  C3,  C4,  Cb  represent  the  proper  specific  heais, 
then  //  =  ( II^Ci  +  W2C2  +  H'^sCa  +  FF4C4  +  WeP&)T, 

where  //  =  total  heat  of  combustion, 
r  =  rbe  in  temperature. 

It  18  evident  if  W4  and  Wr^  reprea^nt  gases  that  wer^  not 
or  coultl  not  be  burned  that  the  resulthig  rise  in  t^nipemtur? 
would  be  very  much  less  than  it  would  have  been  had  they  bmi 
Abt!ent>  Tliufl,  when  ghmn  are  burnal  in  air  the  necessity  of 
raiding  the  tefrijjerature  of  the  nonH^ombustiblc  nitrogen  decrt^a^es 
very  inatetmlly  the  ptisflible  rise  in  temperature  of  the  whole 
mixture. 

Producer-gas    (Fign.  255,  256,  and  257).— In  the  gas-prodtt 
air  posseii  in  and  burifs  part  of  the  fuel — coal  or  coke — into 


Fig.  255.- 

The  nitrogen  of  the  air  and  the  CO2  rise,  and  the  latter,  if  the 
temperature  is  high  enough,  may  break  up  into  2(00).  Very 
little  use  could  be  made  of  this  CO  on  account  of  the  large  amount 
of  inert  nitrogen  that  accompanies  it. 

Suppose,  however,  we  blow  steam  on  the  red-hot  coals  also, 
the^ steam  will  be  decomposeil,  thus:   C-f-H20=C0  4-2H. 

The  CO  obtainal  in  this  way  is  unaccompanied  by  inert  nitro- 
gen, but,  on  the  contrary,  carries  with  it  a  large  percentage  of  H 
which  has  high  calorific  power.  E\'idently  the  more  steam  that 
is  dtH*ompostHl  the  better,  but  it  re(^uires  heat  to  decompose  the 
steam  and  this  heat  must  be  supplieil  by  the  heat  evolved  when 
the  air  unites  ^^^th  carbon  to  form  carbon  monoxide.  The  rela- 
tion that  exists  between  the  amount  of  CO  formed  by  the 
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buri^eil  earbfin''  and  that  formed  by  the  ''steam-burned  carbon'* 
is,  thcnreticaUy,  that  of  ei^uality  as  iudicateil  below. 

In  the  formula  Ch-H20^C0+2H  we  may  say  that  2  pounds 
of  H  and  16  pounds  of  0  united  with  12  pounds  of  C  to  form 
28  pounds  of  CO  and  2  pountls  of  H, 


L!±_r 


FiQ.  256. 


Heat  absorbed  (per  pound  of  H)  in  the  separation  of  H 
an<I  O  when  combined  in  the  form  of  st^am 
=  63,000 -9[966  +(212-32)] . .  , ,.,.,.      -52,500 

Heat  given  out  in  bui-ning  6  pounds  of  C  to  CO  =  6  x4S00     +27,000 


-25,500 
Heat  absorbed  for  each  pound  of  carbon  burned  by  the 

steam -25500/6. _       =4,250 

Ajs   4500   t hernial    unita   are    lifjerated    by   the   ''air-burne<1 
carbon"  per  pound,  and  tliia  nuiKt  provide  for  all  heat  radiated 
^   %iid  otherwise  wasteiJ,  it  is  evident  that  the  percentage  of  car- 
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bon  that  may  be  Bteam-burnetl  must  be  very  iimch  less  thiQ 
that  which  is  air-burneiK  It  \h  feaaible  to  burn  3  poutids  d 
carbon  with  air  to  1  p<jutid  of  steAin4)urrR>ii  carlxjiu 


If  atr  U  «  mixture  q!  |0  tt^, 

H^.  LXJ  #    12  H   cu.  it,  prr  lb.  =  mA 


Fig.  257. 


Expressed  in  ])€!rcentage  the  gaa  has  the  following  volume  ana 

weight. 


Carbon  monoxidej  TO* 
Hydrogen,  H. . 

Nitrogen,  N. . 


Volume. 
:ia  4% 

9  1 
64.5 


W«i^, 

:*»  7% 

.7 
59.6 


In  finding  the  heat  liberated  when  one  pound  of  CX)  is  burned 
to  CO2  it  is  necessary  to  find  the  amount  of  C  burned.  Further, 
we  must  remember  that  if  one  pound  of  C  burned  to  CO  gives 
4500  B.T.U.  and  14,500  if  burned  to  CO2  it  will  follow  that 
for  each  pound  of  C  in  carbon  monoxide  only  10,000  B.T.U. 
will  be  liberated  when  that  gas  is  converted  into  OO2. 

The  heat-equivalent  of  the  above  gas  will  be: 

.397  X-^=  1707, 


Q71 
.007X53000=2073  B.T.U. 


??I?.148   B.T.U. 
14 
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We  have  seen  that  the  adiabatic  compression  of  air  is  accom- 
panied by  a  great  waste  of  power  if  the  air  is  to  be  conveyed 
through  long  pipes,  as  the  air  will  lose  all  heat  due  to  tempera- 
ture aboAX  its  surrounding  envelope  from  conduction,  radiation, 
etc.  In  a  similar  way  pnjducer-gas  often  loses  all  its  heat  above 
that  due  to  atmospheric  temperature.  To  purify  the  gaa  it 
is  led  through  scrubbers  ami  it  conies  Into  intimate  contact  with 
si  reams  of  water.  Protlucer-gas  h,  in  general,  an  agent  to  pro- 
duce heat  at  some  place  other  than  at  the  place  where  the  gas 
was  generated.  It  is  desirable,  then^  to  convert  all  heat  gen* 
era  ted  in  the  prorlueer  into  some  form  of  latent  energy  similar 
to  the  molecular  separation  in  the  case  of  ste^m. 

Gas  from  Soft  Coal. — Anthracite  and  coke  are  alone  used  as 
fuel  in  gas-producers  in  combination  with  gas-engines  in  small 
plants.  The  high  cost  of  anthracite  prevents  conij^etition  \^ith 
steam-engines  in  many  cases.  By  the  use  of  soft  coal  a  much 
richer  and  cheaper  gas  may  be  made.  The  difficulties  to  be  over- 
come He  in  the  presence  of  tar,  ammonia,  dust,  and  other 
residual  matter.  Caking  coals  cannot  be  used,  as  they  melt 
and  stop  the  passage  of  the  gases.  In  large  plants,  scrubl>ers 
of  various  kinds  are  used  as  well  as  dust-collectors. 

The  tarry  deposits  have  always  given  trouble.  In  recent 
producers,  however,  by  the  use  of  unrier-f ceding,  these  deposits  are 
brought  into  contact  ^ith  hot  fuel  and  are  decomposed,  giving  free 
H  and  marsh  gas.  Professor  Fernald,  at  a  meeting  of  the 
A.  S.  M.  E.,  read  a  paper  on  '^ Results  of  the  Preliiuinary  Pro- 
ducer*gas  Tests  by  the  U.  S,  Geological  Survey  Coal*testing 
i*laiit  at  St,  Louis/'  A  brief  summary  of  this  pajier  in  the 
^fihape  of  tables  of  twenty-four  of  the  principal  t^sts  is  given 
in  Power f  January,  190t>.  *'The  experience  gained  during  these 
tests  showed  that  neither  a  purifier  nor  an  economizer  is  re<|tiired 

order  to  use  bituminous  coal."  These  tables  give  the  average 
imposition  of  the  gas  from  coals  from  various  parts  of  the  coun- 
ry  by  volume,  the  number  of  cubic  feet  per  poimd  of  coal,  and 
the  heat-units  per  cubic  foot  of  gas.  The  third  table  gives  eco- 
nomic results  of  the  use  of  the  gas*  In  general,  a  cubic  foot  of 
,VB  140-150  B.T.U.^  but  the  nmnber  of  cubic  feet  of  gaa 
I  \-ariad  from  25  to  82. 
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Calculation  of  Pressure  in  the  Gas-engine. — ^Theory  and  pm- 
tice  always  agree  when  the  theory  has  been  derived  from  a  con- 
sideration of  all  the  facts.  If  a  definite  weight  of  gas  of  known 
composition  mixed  with  a  definite  weight  of  air  is  fiie  1,  afcerhav- 
mg  bee  n  drawn  into  a  gas-engine  and  compressed  into  a  definite 
clearance  i  pt  ce,  the  resulting  pressure  will  ordinarily  be  less  than 
half  the  expected  pressure.  As  a  definite  amount  of  heat  is  liber- 
ated which  should  result  in  a  definite  rise  in  temperature  an<l  pres- 
sure, there  must  be  a  source  of  heat  loss.  This  is  found  in  the  heat 
absorbed  by  the  cylinder  w^alls.  This  one  fact  conif)els  us  to  resort 
finally  to  experiment  under  actual  conditions  to  obtain  accurate 
results. 

For  example,  the  mixture  that  gives  the  highest  pressure  will 
not  develop  the  most  power  in  a  given  engine.  Suppose  a  mixture 
of  one  part  gas  and  four  parts  air  gave  a  very  high  theoretical  tem- 
perature and  pressure,  the  heat  loss  to  the  walls  would  be  high, 
due  to  the  high  temperature  of  the  gas.  Suppose  that  to  the  sanie 
weight  of  gas  double  the  volume  of  air  were  used,  the  temperature 
of  the  gas  would  be  lower,  the  heat  loss  less,  and  the  heat  remaimng 
in  the  gas  greater.  We  may  or  may  not  get  more  work  out  of  the 
now  mixture.     Whilst  there  is  more  heat  in  it,  this  heat  is  at  a 

1()W(T  ttMHIKTllturc. 

Hraiint  records  experiments  made  with  mixtures  of  uil-gas 
speeific  gravity  .()8: 

Uil-gas,  Volumes.  Air,  \olume9.              Explosive  Effect. 

1  4  *)  None 

1  ')  (i  to  ')  S  Slight 

1  6  to  Go  Heavy 

1  7  to  0  Very  hea\'y 

1  10  to  13  Heavy 

1  14  to  1(>  Slight 

1  17  to  17  7  Very  slight 

1  is  to  '2'2  .\oiie 

Even  if  th(^  l>est  mixtun^  o{  <:as  and  air  is  used,  three-fourths  to 
fonr-fiftlis  of  the  heat  is  wa-ted  either  in  the  jackets,  ezfaaufltoyOr 
radial  i«»n.  --.-^-^ 

Indicator-    and    Entropy-cards. — T 

4-eyele  and  2-(\vele  engines  using  ^ 
tieal.     The  card   from    the   Die 
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a  few  particulars,  The  practical  card.  Fig,  lS9h,  iliffers  very 
materially  from  the  theoretical  one,  taking  sonie  such  form  as 
ABVD^FBA,  or,  when  the  engine  is  not  properly  adJuF^ted,  some 
such  form  as  that  indicated  by  ABCD''E"BA. 

The  entropy  analysis  given  below  is  based  on  an  article  by 
Professor  Reeve,  Trans.  A.  S.  M.  E..  Vol  XXIV, 

The  line  AB  of  the  indicator-card  (Fig,  254)  h  represented  by 
the  point  B  in  the  entropy  diagram  (Fig,  258),  since  the  position 


cl 


,,^' 


A 


^'* 


Fio.  25a 


of  B  is  sufficient  to  indicate  the  thermal  characteristice  of  the  full 
gas  charge.  If  the  compression  is  truly  adialjatic,  BC  is  the 
course  of  our  tracing-point.  If  the  walls  absorb  heat  there  will  l>e 
a  loss  of  entropy,  and  the  tracing-point  will  wander  to  the  left. 
The  charge  is  fired  antl  the  gas  is  heated  at  constant  volume,  bo 
that  the  pLston  is  practically  stationary  during  the  formation  of 
lirn -^  CD  or  C'D\  To  prevent  overheating  the  cylinder  walls,  a 
witu^r-jacket  which  abi^tractj^  heat  and  w^astes  it  nuist  be  applied 
if  mechanical  reasons.  Its  effect  in  decreasing  economy  is  seen 
:je  of  the  posihija^  of />  and  D\  If  the  expan- 
diabatic  the  8traighi  line  DE  would  be  followed, 
of  the  entropy  changes  would  give  gome  such 


i 


492        THE  STEAM-EXaiNE  4JVD  OTBBR  HEAT^MOWm. 

liiie  m  iyZE\  The  initial  decrease  in  entropy  of  (he  BiwM 
indicates  a  very  rapid  loss  of  heat,  but  the  swer\^iiig  of  thecnni 
ZK  to  the  right  iiiflk-ates  the  reception  of  heat  by  the  gas  fn>m 
cylinder  waUs*  This  action  is  shnilar  to  the  re-evaporadoji 
condeiLsed  steam  toward  the  end  of  the  stroke  in  a  stcom^ 
Tht^  line  EB  indicates  expansion  at  constant  volume. 

To  draw  the  entropy  diagram  of  the  Otto  cycle  the  foUoirijf 
artifice  and  form  will  t)e  found  useful. 

On  the  indicator-card  (Fig.  254)  and  the  entropy  dkgnnj 
(Fig.  258)  let  asaupi>ose  the  suction-stroke  line  .4J5  has  b«a 
made.  Let  us  itieally  compress  the  gas  from  B  at  constant  pm- 
sure  (abstractbig  heat)  along  the  line  BA  till  some  ix>int  jf  is 
reat^hed.  Then  let  the  gas  be  heated  at  (*anstant  volume,  thus 
tracing  the  line  yXZ  perpendicular  to  AB  in  the  indicator  canL 
At  the  jKjmts  A"  and  Z  the  temperature  and  entropy  of  the  p& 
would  he  identical  with  that  requiretl  by  those  points  on  the  imfr 
cator  tiiagram.  The  point  y  is  an  auxiliary  that  ^ill  difiappear. 
At  the  ]x>ints  B  and  y  we  are  dealing  with  the  same  mass  of  i 
perfect  gas,  hence 


PbVb       PyVu 


A 


Cooling  constant  mass  at  constant  pressure. 


Heating  at  constant  volume, 


^  y 


or 


T, 


P.' 


At  the  points  X  and  B  we  are  dealing  with  the  same  mass  of  a  pe^ 
feet  gas,  hence  we  may  write 

P.V,    PbVb 


T. 


Px 


.Mogf^  =  log^-log^. 
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I  ratio  of  one  pressure  to  another,  or  of  one  volume  to  another, 
sily  found  if  both  are  measured  on  a  fine  decimal  scale*     Divide 

ae  indicator-card  into  a  series  of  two  points,  such  as  {X,  Z)^ 

i%  Z^)f  etc. J  and  tabulate  the  ratio 


P.   P^  P.^  P^ 

Pb   Pn   Pb'  Pd 


Vn    Vb    Vb  Vb 


The  value  of  Tb  must  be  assumed.    It  lies  between  600*^  F- 

id  Wi^f  F.  (al)K{.ilyte).    The  absolute  values  of  all  derived  quan- 

Jtities  are  affected  by  the  uncertainty  in  the  absolute  value  of  Tbj 

>ut  the  relative  values  are  absolutely  unaffected.    Making  this 

^assumption  the  values  of  the  temperatures  at  all  points  are  obtaiiied 

rom  the  equation 


logy 


r.     .      />.     .      Vb 
^logTr-logiT- 

B  i  B  ^  * 


From  the  ideal  method  of  obtaining  the  points  y  and  X  we  may 

^rite  our  entropy  equation 

T  T 

i^x—4^y  =  Cv\ogi7jr     and     <^B*-^v  =  Cp  log,  ™- , 
^  u  ^  tf 

ly  and  Cp  being  the  thermal  specific  heats  at  constant  volume  and 
DQStant  pressure. 
By  subtraction 

4>T-  4>B  =  Cy  log.  sr  -  Cp  log,  ™? 

=  Cv(log,|!^- 1.404  log,  ^^) 

■        =2.3026 (?Tr(log,o  ^^-  1.404  log.o  -^ 

=  2.3026  Cr  (log  ~  - 1.404  log  ~) 

as  Pfi  =  /*„  and  V,  =  l\- 

As  a  rule  only  relative  values  of  entropy  are  required,  hence  the 
coefficient  2.3026  Cy  may  be  omitted. 


In  the  following  form  tlw*  tcnii  1.404  log  ^   is  plaeed 
to  bring  together  the  two  quantities  whoae  differeoce  is  dciJired, 

I  Vb 

l^     Suppuae  y  ^lA^,  its  log  - .  1 732 

^^_  4     ^  <i    11  =,06928 

^^b  .004  x''    "  -.00060 


"   fe-i^ 


p^^-3.«l2, 


/*. 


.2432 

"    ••  -.2499 

^«  —  ^g  =  .0067 

^  —  ^ji  =  .5632 


r. 


p. 


Vb 


Subtrarttng  (1>  from  (2),  since  lew;  ^-  =Iog  g — k^  ==- 


Asssume  ra^eOO*  F.  A., 


log^=   .0767. 
k>g  600  =  2.7781 


log  r,  =2.8548  .     . 

7-,  =  715.8°  F.A. 
/,=253°  F. 


P, 


A^kiing  k^  p-  to  k^  F,.  3>  -i-  •  4  =  k^  T, = 3.4113 

r,=2578F.A. 

fc-iiir'F. 


1,  Wirh  the  :>lkle-rulr 
lake  each  |vmt  i>o 


(4) 


iTMe  ;he  pnsasure  at 
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that  point  by  the  initial  pressure,  and  note  the  logarithm  of 
the  result. 

2.  With  the  slide- rule  set  to  the  total  length  of  the  indi- 
cator-card  (including  clearance)  divide  it  by  the  total  volume 
at  each  point  of  the  card  in  tuni,  and  obtain  the  logarithtn  of 
the  quotient, 

404 

3.  Add  to  (2)  r^TTjT:  of  itself  by  ahde-rule  or  by  arithmetic. 

4.  The  difference  found  by  subtracting  (3)  from  (1)  is 
the  entropy  of  the  d^red  point, 

5.  The  difference  found  by  subtracting  (2)  from  (1)  is  the 
logarithm  of  the  temperature  ratio;  this  logarithm  should  be 
set  down  at  one  side, 

6.  With  the  slide  rule  set  to  the  initial  absolute  tempera- 
ture enter  the  table  of  logarithms  with  (5),  and  multiply 
its  number  by  the  initial  absolute  temperature;  the  result 
is  the  absolute  temperature  of  the  desired  point.  Thus,  let 
T^-eOO'^F.  A,: 

(1)  log    pi  «0.2499  (4)  Entropy  =0.0067 

(2)  log  r^  -0.1732  (5)  log   —^  =0.0767 

4 

^  of  ditto     -0  06928  (6)  T  absolute      =  715.8 

lO^ of  ditto  -0  00069  460 . 9 

(3)  =  0 . 2432  T  Fahrenheit  -255**  F, 

In  thb  way  some  twenty  points,  or  sufficient  for  an  entire 

ds,  can  be  calculati^l  and  plotte<l  inside  of  an  hour* 
A  natural  gas  has  the  following  com  position: 

Carbon  dioxide  (and  H2S) 1 .  80  per  cent 

Oxygen* 70  ''  *' 

Hydrocarbon.  ....................       .50  ''  " 

J  Carbcin  monoxide - . ,       .55  "  '* 

Hydrogen. 60  "  " 

Methane 92.05  '*  " 

Nitrogen , , 3.80  *'  '* 
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What  b  the  thermal  value  of  this  gu  per  cubic  foot? 
ing  its  value  at  1000  B.T.U  per  cubic  foot,  what  wouJil  l^  tk 
eflficiency  of  a  gaa-engine  using  12.7  cubic  feet  per  B.H.P. 
ttiermal  efficiency  of  27.6%|  how  many  cubic  feet  of  ga^i 
13"  Xl4"  eng^e  use  making  267  revdutioDs  per  minute? 
a  clearance  of  20%  and  a  mixture  of  gas  And  air  in  the  prnpirtit^ 
of  1  to  11,  what  will  be  the  theoretical  tctnperaiiire  and  pm^'^m 
after  an  explosbn,  the  pbton  being  on  the  drnd-e^nt^*? 

Diesel  Cycle.— In  this  remarkable  cyde 

1.  The  air  alone  and  not  the  explosive  niixU  i  it_*  is  con  ipt^ 

2.  The  degree  of  compreesbn  exceetls  that  i jf  all  other  ti 

3.  This  compression  is  adiabatic  and  no  thing  h  done 
make  it  isothermal. 

4.  The  degree  of  compresson  is  so  great  that  the  teuif 
ture  causes  spontaneous  combustion^  as  the  clxarge  or 
bustible  is  forced  in  at  a  hi^ier  pressure, 

5.  Just  as  powder  for  cannon  is  made  m  grains  &s  ki^! 
an  inkstand  to  delay  combustion  and  produce  a  tmifami  mti 
than  a  rapdly  diminishing  pressure,  so  tn  thia  motor  the  dn^ 
is  supplied  gradually  for  the  same  purpose. 


The  iiidioator-varvi  and  f 
Pigs.  193  ar.vi  IW.  but  no* 


Fw.  asoL 


are  represented  in 
aie  lettered  to 


Fig,  2til. — ^Valvt'ii    1  I>k"H.l  luigiue 
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indicate  the  same  events.  A  Bis  the  suction;  BC  is  the  compres- 
sion; CD  ia  the  preliminary  and  DB  the  after  or  isothermal  heat 
lines  due  to  the  grailnal  combustion  of  the  injected  oil;  EF  is  the 
adiabatic  expansion  line;  and  FB  is  the  expansion  Une  at  constant 
volume.  Operating  between  500  and  35  pounds  per  square  inch^ 
this  motor  has  an  efficiency  ranging  between  36  and  45%,  The 
following  data  are  from  the  Journal  of  the  A,  S.  N,  E,,  November, 
1905: 


Date. 
Time, 


Duration  J  minutes,  * , 

Dm.m.  of  cylifidemj  inches,  .  .  .  . . . 

Stroke  of  pistons,  feet , , . 

Revs,  pe-r  min 

Jacket-water  per  mm ,  * . .  . 

[nitial  t^mp*  of  jjicket-water,  *  F. 
Final  U^mp.  of  jacket-water^  ^  F. 
Temp,  of  outside  air,  °  F,  ,  ,  . . , . 
Temp,  of  exhttust-giwses,  '^  F. .. . . 
Analysis  of  exhaust-gasear  OOi, . 

N.  _.. 

Air, ... 


• 


Oil  used,  pounds.  .  . 

Oil  used  per  hour,  pound*t.  .  ^  ,,,...., 

Bla^it  pressure  J  atmo.'^phere^,  .....,,., 

Max.  prefl.  shown   by  indicator  dia-  J 
grams  in  pounds  per  sq.  in,,  , .  . .  .  1 

M.E.P.j  poundii  per  square  inch: 

On  nrst.  pi>i(on.  .  ,  ,  ,,  k  *..,,*♦*,  . 

On  second  piston »...,,,,,. 

On  third  piston. ,  .  * 

Average  in  the  thrte  eylinders. 

Indicated  horge-power , 

Oil  per  l.H.P.  per  hour-pounda. ...... 

Output  of  dynamo,  kw,  ,,,,,,.,.*,.. 
Brake  H,P.  of  engine.  .  .  .  ..,,,,.,.,. 

H.P.  alwiorbed  in  friction 

B.H.P./LH,P ...,., 

Power  absorbed  by  motor^  kw» , 

H.P.  given  out  by  motor 

LH.P,  in  compressor  cylinders.  .  .  .... 

Power  absorbed  in  belt  and  compres 

sore,  H.P..  .  .,.,.. 

Ketimated  B.H.P.  of  engine,  , 

Estimate  of  mech.  efBc.  if  pump  had 

^leen  driven  by  engine* 

Oil  per  brake  H.P.,  povnids, *,  .... 


Trial 

Feb.   Iti 
f  3.5Sp,M 
<        to 
I      B.6B 
120 

22,05 

2.4605 
t50J6 
166.  S 

46.3 
125 

48 
783 
5.6 

42.9 

51.5 
390.3 
105.1 

61.5 
510 
515 
525 

82.9 

92.3 
110 

95.05 
600.3 

.3202 
333 
475.5 
133.8 
.78 

38 

44.8 

36 


Trial 

Trial 

Feb.  14 

Feb,   14 

9.17  A.ai. 

lirll'^ 

to 

to 

U.121' 

1.30** 

115.25 

129 

152.8 

1.50,3 

169.85 

157.85 

46.3 

46.3 

127.4 

104.6 

4S 

48 

806 

496 

6.8 

3.2 

51.3 

21.6 

41.9 

75.3 

3^8 

221 , 1 

207.2 

102.8 

66.3 

50,9 

515 

490 

525 

480 

500 

505 

80  7 

ai  6 

93.9 

52.6 

115.6 

64,8 

96.7 

66.33 

634  8 

363.6 

,a2t>i 

,282^ 

3,52 

168.2 

502.5 

245 

132.8 

118.6 

.805 

,675 

41 

31.6 

48.3 

36.8 

40 

28.8 

8 

8 

458.7 

213.8 

.723 

,688 

.451 

.481 

44.23 
45.76 
35 

485 

480 

500 

23,2 


1415 


500 


THE  STEAM-ENOINE  AND  OTHER  HEAT-MOTORS. 


Trial  I. 

Trial  II. 

B.T.U. 

Per  Cent. 

B.T.U. 

PftrCeot. 

To  calorific  value  of  one  pound  of  oil 

20,050 

100 

20,050 

100 

By  heat-equivalent  to  work  done 

7,944 
4,070 
7,030 
1,006 

107 
42.4 
21.7 
37.5 

5.4 

39.6 

20.3 

35.1 

5 

100 
39.6 
♦20.3 
35.1 
5 

7,794 
4,110 
6,056 
2,090 

109 
42.4 
22.3 
32.9 
11.4 

38.9 

By  heat  carried  off  in  jacket-water 

20.5 

By  heat  carried  off  in  exhaust-gases 

30.2 

By  radiation  and  error 

10.4 

To  calorific  value  of  oil  used  per  H.P.  per  min. 
By  heat-equivalent  to  work  done 

100 
38.9 

By  heat  carried  off  in  jacket- water 

20.5 

By  heat  carried  off  in  exhaust-gases 

30.2 

By  radiation  and  error 

10.4 

Trial  III. 

Trial  IV. 

B.T.U. 

Pter  Cent. 

B.T.U. 

PerCsnt. 

To  calorific  value  of  one  poimd  of  oil 

20,050 

100 

20.050 

100 

By  heat-equivalent  to  work  done 

8,998 
5,300 
7,200 
1,438 

94.5 
42.4 
25 

33.9 
-6.8 

44.9 

26.4 

35.9 

-7.2 

100 
44.9 
26.4 
35.9 
-7.2 

9,078 
6,570 

}  4,402 

93.6 
42.4 
30.6 

}20.6 

45.3 

By  heat  carried  off  in  jacket-water 

32.8 

By  heat  carried  off  in  exhaust^ases 

By  radiation  and  error 

21.9 

To  calorific  value  of  oil  used  per  H.P.  per  min. 
By  heat-equivalent  to  work  done 

100 
45.3 

By  heat  carried  off  in  jacket-water 

32.8 

By  heat  carried  off  in  exhaust -gases 

By  radiation  and  error.  .              ... 

21.9 

"The  air  for  pulverizing  the  oil  and  spraying  it  into  the  cylinders 
was  compressed  in  an  independent  pair  of  three-stage  vertical  air- 
compressors,  worked  by  a  two-throw  crank-shaft,  belt-driven  by  a 
motor  receiving  current  from  the  dynamo  upon  the  engine  crank- 
shaft. This  wasteful  arrangement — ^as  compared  to  driving  the 
compressors  direct — ^was  adopted  to  meet  special  conditions." 

A  study  of  the  tables  \iill  furnish  problems,  and  will  give  a 
more  definite  conception  of  the  engine  than  can  be  obtained  from 
s.  description. 
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Rules  fob  Conducting  Tebts  of  Gas-  and  Oil-engines. 
Code  of  1901  * 

I,  Objects  of  the  Tests.— At  the  outset  the  specific  object  of 
•the  test  jshould  be  ascertained,  whether  it  be  to  elet€*rmine  the  fii!- 
filment  of  a  contract  guarantee,  to  ascertain  the  highest  economy 
©bluiiiable,  to  find  the  working  economy  and  the  defects  as  they 
ladst,  to  ascertain  the  performance  under  special  conditions,  or  to 
determine  the  effect  of  changes  in  the  conditions,  and  the  test 
should  be  arranged  accordirigly. 

Much  depentls  upon  the  local  conditions  as  to  what  prepara- 
tions shoulti  be  made  for  a  test,  and  this  must  be  determined 
largely  by  tlie  good  sense,  tact,  judgment^  and  ingenuity  of  the 
expert  undertaking  it^  keeping  in  mind  the  main  issue,  which  is 
to  obtain  accurate  and  reliable  data.  In  deciding  questionB  of 
contract,  a  clear  understanding  in  regard  to  the  methods  of  test 
should  be  agreed  upon  beforehand  mth  all  parties,  unless  these  are 
distinctly  provided  for  in  the  contract. 

n.  General  Condition  of  the  Engine. — Examine  the  engine  and 
make  notes  of  its  general  conthtion  and  any  points  of  design,  con- 
struction, or  operation  which  bear  on  the  objects  in  \iew.  Make 
a  special  examination  of  all  the  valves  by  inspecting  the  seats  an<] 
bearing  surfaces,  note  their  condition,  and  see  if  the  piston-rings 
are  gas-tight. 

If  the  trial  is  made  to  determine  the  liighest  efficiency,  and  the 
cxamijmtion  shows  evidence  of  leakage,  the  valves,  piston-rings, 
etc.^  shoidd  be  made  tight  and  all  parts  of  the  engine  put  in  the 
best  possible  working  condition  before  starting  on  the  test. 

nL  Dimensions,  etc. — Take  the  Liiniensiona  of  the  cylinder  or 
cylinders  whether  already  known  or  not  ;  tills  sliould  lie  done 
when  they  arc  hot  and  in  working  order.  If  they  are  slightly  worn, 
the  averages  diameter  should  be  detenninetl.  Measure  also  the 
compression  space  or  clearance  volume,  which  should  be  done, 
if  practicable,  by  filling  the  spaces  with  water  previously  meas- 
ured, the  proper  correction  being  made  for  the  temperature*  (See 
Section  III,  Steam-engine  Code.) 


Il 
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IV,  FueL — Decide  upon  the  gas  or  oil  to  !>e  used,  and  if  ili|_ 
trial  11*  to  be  itiade  for  maximum  efficiency,  the  fuel  should  be 
best  uf  its  class  that  can  readily  be  obtained^  or  one  that 
the  highest  calorific  power.     (See  Section  IV,  Steam-engiiie  C^U^ 

V*  CalibratioQ  of  Instruments  Used  in  the  Tests.  —All  instru- 
ments and  apparatus  should  te  calibrated  and  their  reliabUity 
and  accuracy  verified  by  comparison  with  recognized  standards. 
Apparatus  liable  to  ehange  or  to  become  broken  iluring  the  ie^^ 
such  as  gag^i  indicator-sprmgs,  and  thermometei^,  should  be 
calibrated  both  before  and  after  the  experiments.  The  accuracj 
of  all  scales  should  be  verified  by  standard  weigh tj!<*  In  the  csut^  of 
gas*  or  water-meters,  s|R*citJ  attention  should  be  given  to  their 
calibration,  both  before  and  after  the  trial,  and  at  the  same  rati 
of  flow  and  pressure  m  exists  during  the  trial, 

(a)  Gotjes. —  (See  Section  V,  Steaju-engine  Code*) 

(b)  Tyrmomeiers, — (See  Section  V,  Steam-engine  Code,) 

(c)  lmiica(or'&prings,—-ThQ  indicator-sjjrings  ^ould  be  cali-'l 
bra  ted  with  the  indicator  in  r^  nearly  as  possible  the  same  cojwB- 
tioti  a*s  to  tcm|>erature  a^  exist^s  during  the  trial.  This  lempc^rature 
can  usually  be  estimated  in  any  particular  case.  A  simple  way  of 
heating  the  intlirator  is  to  subject  it  to  a  steam-pressure  just  before 
calibration.  Compressed  air  or  compressed  carbonic-acid  gas  are 
suitable  for  the  actual  work  of  calibration.  These  gases  should  be 
used  in  preference  to  steam,  so  as  to  bring  the  conditions  as  near 
as  possible  to  those  which  obtain  when  the  indicators  are  in  actual 
use.  WTien  compressed  carbonic-acid  gas  is  used,  and  trouble 
arises  from  the  clogging  of  the  escape-valves  with  ice,  the  pipe 
between  the  valve  and  gas-tank  should  be  heated.  With  both  sir 
and  carbonic  acid  the  pipes  leading  to  the  indicator  should  also  be 
heated  if  it  is  found  that  they  are  below  the  required  temperature. 
The  springs  may  be  calibrated  for  this  class  of  engines  under  a 
constant  pressure  if  desired,  and  the  most  satisfactory  method  is 
to  cover  the  whole  range  of  pressure  through  which  the  indicator 
acts:  first,  by  gradually  increasing  it  from  the  lowest  to  the  highest 
point,  and  then  gradually  reducmg  it  from  the  highest  to  the  lowest 

r,  in  the  manner  which  has  heretofore  been  widely  followed 

ihdicator-makers;  a  mean  of  the  results  should  be  taken.    The 

|bratioa  should  be  made  for  at  least  five  pomts,  two  of  these 
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ing  for  the  pressures  corresponding  to  the  maximum  and  riiiiii* 
uni  pressures,  and  three  for  intermediate  points  equally  distant. 

The  standard  of  comparison  recommended  is  the  dead-weight 
sting  apparatus^  a  mercury  column  or  a  steam-gage,  which  has 

n  proved  correct  by  reference  to  either  of  these  standards. 

The  correct  scale  of  spring  to  be  used  for  working  out  the  mean 
effective  pressure  of  the  riiagram*^  is  the  average  based  on  thb  cali- 
bration, ascertained  in  the  manner  pom  ted  out  in  Section  XIV, 
Steam-engine  Code, 

(d)  Gas-meters, — A  meter  used  for  measuruig  gas  for  a  gas- 
engine  should  be  calibrated  l>y  referring  its  reatlings  to  the  dis- 
placement of  a  ga^meter  of  known  volume,  by  cotnparing  it  with 
a  standard  gas-meter  of  known  error,  or  by  passing  air  through  the 
meter  from  a  tank  in  which  air  under  pressure  is  stored*  If  the 
latter  methofl  is  adopted,  it  is  necessary  to  observe  the  pressure  of 
the  air  hi  the  tank  and  its  temfKTature,  Ixith  at  the  tank  and  at 
the  meter,  and  this  should  be  done  at  uniform  intervals  iluring  the 
progress  of  the  calibration.  The  amount  of  air  pa^^sing  through 
the  meter  is  computed  from  the  volume  of  the  tank  antl  the  ob- 
servx^d  temperatures  antl  pressures, 

I  The  volume  of  the  gas  thus  ascertained  should  be  reducetl  to 
the  equivalent  at  a  given  temperature  and  atmospheric  pressure, 
corrected  for  the  effect  of  moisture  in  the  gas,  which  is  orrlmai  ily 
at  the  saturation-point  or  nearly  so.  We  recommend  that  a 
standard  be  adojited  for  gas-engine  work,  the  same  as  that  used 
in  photometr\%  namely,  the  equivaient  volume  of  the  ga8  when 
saturated  with  moisture  at  the  normal  atmospheric  pressure  at  a 
temperature  of  60°  F,  In  order  to  reduce  the  reading  of  the  volume 
containing  moist  gas  at  any  other  temperature  to  this  standard, 
multiply  by  the  factor 


459,4+60    6- (29.92-^) 


459.4+  i 


29.4 


in  which  b  is  the  height  of  the  barometer  in  inches  at  32**  P.,  t  the 
temperature  of  the  gas  at  the  meter  in  degrees  F.,  and  s  the  vacuum 
in  inches  of  mercury  corresponding  to  the  temperature  of  I  obtained 

from  steam-tables. 
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For  ealibratmg  water-meters  refer  to  Section  V,  Steam-en 
Cocie. 

VI.  Duration  of  Test. — The  duration  of  a  test  should  dff 

largely  uix>ii  it.s  chiiracter  and  the  objects  in  v^iew^  and  in  any  ^ 
the  test  should  be  continued  until  the  suceessive  readings  of  tin* 
rates  at  which  oil  or  gas  is  consumed— taken  at,  say,  half4ioudT 
interv^s— become  uniform  and  thus  verify  each  other.  If  ttif 
object  is  to  dH ermine  the  working  economy,  and  the  jjericMt  cd 
tinie  during  which  the  engine  is  usually  in  motion  is  some  fmrt  ofl 
(wenty-fovir  hours,  the  duration  of  the  test  should  be  fixed  for  thei 
number  of  hourH,  I(  the  engine  Ls  one  using  coal  for  generaling 
gas,  the  test  should  cover  a  long  enough  periotl  to  determine  with 
accuracy  the  coal  used  in  the  gap-producer ;  such  a  test  should  be 
of  at  lea^st  twenty-four  hours^  duration,  and  in  most  GBses  it  shoalrl 
extend  over  several  days. 

Vn.  starting  and  Stopping  a  Test.— In  a  test  for  determining 
the  maximuni  economy  of  an  engine,  it  shouhl  first  be  run  a  fiuffi- 
eient  time  to  bring  all  the  conditions  to  a  normal  and  constaril 
Btate.  Then  the  regular  observations  of  the  test  should  begin  aiifJ 
continue  for  the  allotteil  time.  M 

If  a  te8t  is  made  to  determine  the  performance  under  working 
conditions,  the  test  should  begin  as  soon  as  the  regular  prepara- 
tions have  been  made  for  starting  the  engine  in  practical  work, 
and  the  measurements  should  then  conunence  and  be  continued 
until  the  close  of  the  period  covered  by  the  day's  work. 

VIII.  Measurement  of  Fuel. — If  the  fuel  used  is  coal  furnished 
to  a  gas-producer,  the  same  methods  apply  for  determining  the 
consumption  as  are  used  in  steam-boiler  tests.  (See  Vol.  XXI, 
p.  34.) 

If  the  fuel  used  be  gas,  the  only  practical  method  of  measure- 
ment is  the  use  of  a  meter  through  which  the  gas  is  passed.  Gas- 
bags should  be  placed  between  the  meter  and  the  engine  to  diminish 
the  variation  of  pressure^  and  these  should  be  of  a  size  proportion- 
ate to  the  quantity  used.  Where  a  meter  is  employed  to  measure 
the  air  used  by  an  engine,  a  receiver  wdth  a  flexible  diaphragm 
should  be  placed  between  the  engine  and  the  meter.  The  tem- 
perature and  pressure  of  the  gas  should  be  measured,  as  al&j  the 
barometric  pressure  and  temperature  of  the  atmosphere,  and 
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juantity  of  gas  should  berleterminetl  by  reference  to  the  calibration 
of  the  meter,  taking  into  account  the  temperature  and  pressure  of 
tlie  gas. 

If  the  fuel  m  oil»  this  can  be  drawn  from  a  tank  which  is  filled 
to  I  he  original  level  at  the  end  of  tlie  tt*8t  and  the  amount  of  oil 
ret:iuired  for  so  doing  being  weighed;  or>  for  a  small  engine,  the  oil 
may  be  dra\^7i  from  a  calibrated  ve^ssel  such  as  a  vertical  pijie. 

In  an  engine  using  an  igniting  flame  the  gas  or  oil  required  for 
it  should  be  incluiled  in  that  of  the  main  supply,  but  the  amount 
so  used  shouki  be  stated  separately  if  possible. 

IX,  Measurement  of  Heat-units  Consumed  by  the  Engine.^ 
The  iiumlxT  of  )ieat-unitH  ust.^<l  is  found  Ijy  nmltiplyiug  the  nundier 
of  poumb  of  coal  or  oil  or  the  eut>ic  font  of  gas  consumed  by  the 
total  heat  of  combustion  of  the  fuel  as  determined  by  a  calorimeter 
test.  In  determining  the  total  heat  of  combustion  no  deduction 
is  made  for  the  latent  heat  of  the  water  vapor  in  the  prottucts  of 
combustion.  There  is  a  difference  of  opinion  on  the  propriety  of 
using  tliis  higher  heating  value,  and  for  purposes  of  conqmrison 
care  nmst  be  taken  to  note  whether  this  or  the  lower  value  has 
been  used.  The  calorhneter  recommended  for  determining  the 
heat  of  combustion  is  the  Mahler  for  solid  fuels  or  oil,  or  the 
Jul  ker  fcjr  gases,  or  some  form  of  calorimeter  known  to  be  equally 
reliable.     (See  Poole  on  '*The  Calorific  Power  of  Fuels.") 

It  is  sometimes  desirable,  also,  to  have  a  complete  chemical 
analysis  of  the  oil  or  gas.  The  total  heat  of  combustion  may  \ye 
computed  if  desired  from  the  results  of  the  analysis,  and  should 
agree  well  witli  the  calorimeter  values,  (See  Secti^in  X\1I, 
Boiler-test  Code.) 

In  using  the  gas  calorimeter,  which  involves  the  determination 
of  the  ^■olume  instead  of  the  weight  of  the  gas,  it  is  important  that 
the  results  shimld  be  redueecl  to  the  same  temperature  as  that 
corresponding  to  the  conditions  of  the  engine  trial.  The  formula 
to  be  usefl  for  making  the  reduction  is  that  already  given  in  Section 
V.J. 

For  the  purpose  of  making  the  calorimeter  test,  if  the  fuel  used 
is  coal  for  generating  gas  in  a  producer »  or  oil,  samples  should  I>e 
taken  at  the  time  of  the  engine  trial  and  carefully  preserved  for 
subsequent  determioation.    If  gas  is  used,  it  is  better  to  have  a 
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gas-calorimeter  on  the  spot,  samples  taken,  and  the  calorimeter 
test  made  while  the  trial  is  going  on. 

X.  Measurement  of  Jacket-water  to  Cylinder  or  Cylinders.— 

The  jacket-water  may  be  measured  by  passing  it  through  a  water- 
meter,  or  allowing  it  to  flow  from  a  measuring-tank  before  entaing 
the  jacket,  or  by  collecting  it  in  tanks  on  its  discharge.  If  measur- 
ing-tanks are  used,  the  same  system  of  arrangement  is  reconmiended 
as  that  employed  for  feed-water  measurements  in  boDer-  and 
steam-engine  tests.     (See  Section  XI,  Steam-engine  Code.) 

XI.  Indicated  Horse-power. — The  directions  given  for  deta*- 
mining  the  indicated  horse-power  for  steam-engines  apply  in 
all  resp)ects  to  internal-combustion  engines.  (See  Section  XIII, 
Steam-engine  Code.) 

The  pipe  connections  for  indicating  gas-  and  oil-engines  should 
be  removed  as  far  as  possible  from  the  ports  and  ignition  devices 
and  made  preferably  in  the  cylinder-head.  The  pipes  should  be 
as  short  and  direct  as  possible.  Avoid  the  use  of  long  pipes,  other- 
wise explosions  of  the  gas  in  these  connections  may  occur. 

Ordinary  indicators  suitable  for  indicating  steam-engines  are 
much  too  lightly  constructed  for  gas-  and  oil-engines.  Tlie  pencil 
niochanisin,  especially  the  pencil  arm,  needs  to  be  very  strong  to 
f)revenl  injury  by  the  sudden  impact  at  the  instant  of  ev»4<><ioii; 
a  special  gas-(Mijj!;in(»  indicator  is  iXHiuired  for  satisfactory  \v(trk. 
with  a  small  piston  and  a  strong  spring. 

XII.  Brake  Horse-power. — The  detennination  of  the  brake 
horse-power,  wliich  is  v(Ty  desirable,  is  the  same  for  internal  C">ii.- 
hustion  as  for  steam-engines. 

XIII.  Speed. — The  same  directions  apply  to  internal-conibii>- 
tion  engines  as  to  steam-engines  for  the  determination  of  sjxvi. 
and  reference  is  made  to  ^Section  X\7I,  Steam-engine  Code,  i  r 
sugg(»slions  on  this  subject. 

in  an  engine  which  is  governed  by  varying  the  nundxT  'i 
ex})l()sions  or  working  cycles,  a  record  should  ho  kept  of  the  r.ui:- 
bcr  of  explosions  per  minute,  or,  if  the  engine  is  running  at  uricl" 
maximum  load,  by  counting  the  Jiumber  of  times  tbe  gowTir 
causes  a  miss  in  the  explosions. 

One  way  of  mechanically  recording  the  explosions  is  to  attach 
to  the  exhaust-pipe  a  cylinder  and  piston  arranged  so  that  the 
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pressure  caused  by  the  exhaust-gases  f»perates  against  a  light 
spring  antl  luoves  a  register,  which  is  proviiled  for  automatically 
counting  the  number. 

XIV.  Recording  the  Data. — The  time  of  taking  weights  and 
everj^  observation  should  tie  reconletl  and  note   made  of  every 

I  event  however  unimportant  it  may  seem  to  be.  The  pre^ssures* 
temperatures,  meter-reaiUngs,  speeds,  and  other  measurements 
should  be  observe^l  every  twenty  or  thirty  minutes  when  the  con- 
ditions are  practically  unifonn,  an^l  at  inore  frequent  intervals  if 
they  are  variable.  Observations  of  the  gas  or  oil  measurements 
shoukl  be  taken  with  special  care  at  the  expiration  of  each  hour, 
so  as  to  di\^tle  the  test  into  hourly  [seriods,  and  reveal  the  uni- 
formity or  othenvise  of  the  conditions  and  results  as  the  test  goes 
forward. 

All  ilata  and  observations  shoidd  be  kept  on  suitably  prepared 
blank  sheets  or  in  nutc-books. 

XV.  Uniformity  of  Conditions. — When  the  object  of  the  teat  is 
i  to  determine  the  maximum  economy,  all  the  conditions  relating 

to  the  operation  of  the  engine  should  be  maintained  as  constant 
a^  possible  during  the  trial. 

XVI.  Indicator  Diagrams  and  their  Analysis.  —  (a)  Sample 
Dmgrums,  Sample  diagrams  nearest  to  the  mean  shoidd  be 
selected  from  those  taken  during  the  trial  antl  appended  to  the 
tables  of  the  results.  If  there  are  separate  compression-  or  feed- 
cylinders,  the  indicator  diagrams  from  these  should  be  taken  and 
the  power  rieducted  from  that  of  the  main  cylinder, 

XVII.  Standards  of  Economy  and  Efficiency,  —  The  hourly 
consumption  of  heat,  determined  as  pointed  out  in  Article  IX^ 
divide*  1  by  the  indicateil  or  the  brake  horse-power,  is  the  standard 
expression  of  engine  economy  recommended. 

In  making  comparisons  between  the  standard  for  internal- 
combustion  engines  and  that  for  steam-engines  it  must  be  borne 
in  mind  that  the  former  relate**  to  energy  concerned  in  the  genera- 
iion  of  the  force  employed,  whereas  in  the  steam-engine  it  does  not 
relate  to  the  entire  energy  expentled  during  the  process  of  com* 
bust  ion  in  the  steam-boiler.  The  steam-engine  standard  does  not 
cover  the  losses  due  to  combustion,  while  the  internal-combustion 
engine  standard,  in  cases  where  crude  fuel,  such  as  oil,  is  burned 
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in  the  cylinder,  does  cover  these  losses.  To  make  a  direct  ocxn* 
parison  between  the  two  classes  of  engines  considered  as  comfJete 
plants  for  the  production  of  power,  the  losses  in  generating  the 
working-agent  must  be  taken  into  account  in  both  cases,  and  the 
comparison  must  be  on  the  basis  of  the  fuel  tised;  and  not  only 
this,  but  on  the  basis  of  the  same  or  equivalent  fuel  used  in  each 
case.  In  such  a  comparison,  where  producer-gas  is  used  and  ihe 
producer  is  included  in  the  plant,  the  fuel  consumption,  which  will 
be  the  weight  of  coal  in  both  eases,  may  be  directly  compared. 

The  thermal  efficiency  ratio  per  indicated  horse-power  or  per 
brake  horse-power  for  internal-combustion  engines  is  obtained  in 
the  same  manner  as  for  steam-engines,  referred  to  in  Section  XXI, 
Steam-engine  Code,  and  is  expressed  by  the  fraction 

2545 


B.T.U.  per  H.P.  per  hour 

XVIIL  Heat-balance.  —  For  purposes  of  scientific  research  a 
heat-balance  should  be  drawn  which  shows  the  manner  in  which 
the  total  heat  of  combustion  is  expended  in  the  various  processes 
■concerned  in  the  working  of  the  engine.  It  may  be  divided  into 
three  parts:  First,  the  heat  which  Ls  converted  into  the  indicated 
or  brake  work;  second,  the  heat  rejected  in  the  cooling-water  of 
the  jackets;  and  third,  the  heat  rejected  in  the  exhaust-gases, 
together  with  that  lost  through  incomplete  combustion  and  radia- 
tion. 

To  determine  the  first  item,  the  number  of  foot-pounds  of 
work  performed  by,  say,  one  pound  or  one  cubic  foot  of  the  fuel 
Is  determined;  and  this  quantity  di\nded  by  778,  which  is  the 
mechanical  equivalent  of  one  British  thermal  unit,  gives  the  num- 
ber of  heat-units  desired.  The  second  item  is  determined  by 
measuring  the  amount  of  cooling-water  passed  through  the  jackets, 
equivalent  to  one  pound  or  one  cubic  foot  of  fuel  consumed,  and 
calculating  the  amount  of  heat  rejected,  by  multiplying  this  quan- 
tity by  the  difference  in  the  sensible  heat  of  the  water  leaving  the 
jacket  and  that  entering.  The  third  item  is  obtained  by  the 
m  thod  of  differences;  that  is,  by  subtracting  the  smn  of  the  first 
two  items  from  the  total  heat  supplied.  The  third  item  can  be 
i?ubdivided  by  computing  the  heat  rejected  in  the  exhaust-gases  as 
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a  separate  quantity*  The  data  for  this  computation  are  found  by 
analv'zing  the  fuel-  and  the  exliaust -gases,  ur  by  nieasuriiig  the 
quantity  of  air  admitted  to  the  cylinder  in  addition  to  that  of  the 
gas  or  oil. 

XDC.  Report  of  Tests.— The  data  and  results  of  a  test  should 
be  reported  in  the  manner  outlined  in  one  of  the  following  tables, 
the  fir^t  of  which  gives  a  complete  siimnmry  when  all  the  data  are 
determined  J  and  the  second  is  a  shorter  form  of  report  in  which 
some  uf  the  minor  items  are  omitted*  (The  complete  form  only 
is  given,  pp.  510-5130 

XX,  Temperatures  Computed  at  Various  Points  of  the  Indi- 
cator Diagram, — The  computation  of  temperatures  corresponding 
to  various  points  in  the  indicator  diagram  is,  at  best,  approximate. 
It  is  possible  only  where  the  temperature  of  one  point  is  known 
or  assumed,  or  where  the  amount  of  air  entering  the  cylinder  along 
with  the  charge  of  gas  or  oil,  and  the  temperature  of  the  exhaust'- 
gases,  is  determined. 

If  the  amount  of  air  is  determined  for  a  gas^ngine,  together 
with  the  necessary  temijeratures,  so  that  the  volume  and  tempera- 
ture of  the  air  entering  the  cylinder  jDer  stroke,  and  that  of  the  gas, 
are  known^  we  may,  by  combining  this  with  other  data,  compute 
the  temperature  for  a  point  in  the  compression-curve.  In  this 
computation  we  must  allow  for  the  volume  of  the  exhaust-gases 
remaining  in  the  cylinder  at  the  end  of  the  stroke.  The  temi:>era- 
ture  at  the  point  in  the  compression-curve  where  it  meets  or 
crosses  the  atmospheric  line  will  be  given  by  the  formula 


49L4  V 


r"+r'"-hF" 


'459.4,  .    .    ,    ,     .     (A) 


where  V  is  the  total  volume  corresponding  to  the  point  where  the 
compression-curve  meets  or  crosses  the  atmospheric  line;  V'* 
the  volume  of  the  air  at  atmospheric  pressure  entering  the  cylinder 
during  each  working  cycle,  retluced  to  the  equivalent  volume  at 
32  degrees  Fahr.;  V'  the  volume  of  the  gas  consumed  per  cycle 
reduced  to  the  equivalent  at  atmospheric  pressure  and  32  degrees 
Fahr,;  and  F""  the  volume  of  the  exhauet-gases  retainer]  in  the 
cylinder  reduced  t-o  the  same  basis.  To  reduce  the  actual  vol- 
umes  to  those  at  32  degrees  Fahr,  multiply  by  the  ratios  of 


%j«Ai^a 
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49L4-^  {T  +459.4),  where  T  is  the  observed  temperature  of  tk 
air  and  of  the  gas  used  as  fuel.  For  the  exhaust-gases  relainfd 
in  the  cylinder  at  the  end  of  the  stroke  T'  may  be  taken  as  tbe 
temperature  of  the  exhauKt-gaee^  leaving  the  engine,  pro\idel 
the  engine  is  not  of  the  scavenging  type. 

Having  determined  the  temperature  of  a  point  in  the  com- 
pression-curve, the  temperature  of  any  point  in  the  diagram  maj 
be  found  by  the  equation 

r,  =  (r+459.4}-^yl  ^459.4.       ,     ,     .    ,    (B) 

Here  T^  is  the  desired  temperature  of  any  point  in  the  diagram 
where  the  absolute  pressure  is  Pi  and  the  total  volume  Vi ;  and 

P  and  V  are  the  corresponding  quantities  for  the  pf^int  in  the 
compression-line  having  the  temperature  T  computed  from  the 
formula  (A), 

Formula  (B)  holds  only  where  the  weight  of  the  gases  contained 
in  the  cylinder  is  constant.  It  is  also  assumed  in  this  formula 
that  the  density  of  the  gas  compared  to  air  at  the  same  temperature 
and  pressure  is  the  same  before  and  after  explosion, 

A  second  method  may  be  employed,  provided  the  air  which 
enters  the  cylinder  is  measurecL  This  will  allow  for  any  difference 
in  the  density  of  the  g^B  before  and  after  explosion,  anil  more 
exact  values  for  temperatures  on  the  expansion-curve  may  be 
obtained  than  by  the  first  method. 

In  this  method  the  density  of  the  exhaust-gases  compared  to 
air  at  the  same  temperature  and  pressure  is  computed,  assuming 
perfect  combustion,  and  including  the  efifect  of  the  water  vapor 
present,  and  from  this  density  the  volume  of  the  gases  exhausted 
per  cycle  is  determined.  If  the  volume  exhausted  per  cycle, 
added  to  the  volume  of  the  gas  retained  in  the  clearance-space  at 
the  end  of  the  stroke,  be  called  V  in  equation  (B)  and  T  be  the 
observed  temperature  of  the  exhaust-gases,  this  equation  may  be 
used  for  determining  the  temperature  of  any  point  in  the  diagram 
in  the  way  already  described.  This  method  is  more  complicated 
than  the  first,  as  it  involves  the  determination  of  the  theoretical 
density  after  explosion,  but  it  possesses  the  advantage  that  it 
may  be  applied  to  an  oil-  as  well  as  to  a  gas-engine. 


*"% 
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A  third  method  of  computing  the  tempcralune 
points  in  the  diagram  may  be  employed  where 
exhaust-gases  as  well  as  of  the  fuel  have  to  be  made. 
is  more  complicated  than  the  first,  but,  in  common  ntfi  At^bp* 
ond,  it  poBsessejs  the  advantage  that  it  may  be  ^ppfiol  ^ws^'it^ 
as  well  as  to  a  gas-engine.  

In  appljang  the  t^iird  method  the  volume  of  %\m  < 
dischargeil  per  working  cycle  would  be  given  by  the  \ 


V.^ 


where  D  is  the  density  of  the  exliaust-gases  at  their  i 
perature,  computed  from  the  analysis,  assuniiiij(;  !i*» 
w^ater  produceii  through  burning  the  hydri»gen  in  Uarlit^i:  it  j^i 
a  gaseous  state,  R  the  weight  of  the  air  wliich  etit47»  dir  r^f^ti 
per  pound  of  fuel,  and  w  tlie  weight  of  the  fuel  cotiivM 
ing  cycle.    The  value  of  R,  providing  thoTe  are  tk» 
hydrocarbons,  may  be  computed  by  employing  Uie  S» 

where  N,  CO^^  and  CO  represent  the  proportiom.  If 
the  several  constituents  of  the  exhaust-gases,  and  C%\, 
carbc^n  consumetl  ami  converted  into  CO2  or  0)  pf 
fuel  burned,  computed  from  the  analysis  of  tbe  ImA 
exhaust -gases. 

Having  ^.ietermined  tlie  volume  V^  of  tho  cxhaiM-; 
(B)  may  be  used  in  computing  the  temperature,  »  ^Ifrlt  i^i 
will  represent  the  temperatui^e  of  the  exliaust-tgant* 
method,  P  the  pressure  of  the  exhaust,  and  F  ity 
exhaust -gases  r2  tlischarged  per  stroke,  added  Ir^   .... 
the  gases  retained  in  the  cylinder  at  the  end  of  tbtnv 

The  value  of  R  given  in  equation  (D )  is  approm 
of  the  fact  that  the  percentage  of  N  should  be  (hfti  ^^  -^^  .;^ 
alone,  and  not  that  due  to  the  air  in  atklitioti  to  •^  rmii    , 
in  the  fue!  gas.     Where  extreme  accuracy  is  i^mm4^  fk^  «^Iim 
found  for  R  may  be  used  to  determine  the  prnm^  ,  ,^ 

1     in  the  analysis  of  the  exhaust-gases  is  due  to  dt  V  es  -    ._  -  ^A 
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by  the  analysis  of  the  fuel  gases  in  order  to  obtain  the  correct 
value  of  N  to  be  used  in  equation  (D). 

DATA  AND  RESULTS  OF  TEST  OF  GAS-  OR  OIL-ENGINE. 

Arranged  according  to  the  Complete  Form  Advised  by  the  Engivi 
Test  Committee,  American  Society  of  Mechanical  Enoincbbs, 
Code  of  1902. 

1 .  Made  by of 

on  engine  located  at 

to  determine 

2.  Date  of  trial 

3.  Type  of  engine,  whether  oil  or  gas 

4.  Class  of  engine  (mill,  marine,  motor  for  vehicle,  pumping,  or  other) .... 

5.  Number  of  revolutions  for  one  cycle,  and  class  of  cycle 

6.  Method  of  ignition 

7.  Name  of  builders 

8.  Gas  or  oil  used 

(a)  Specific  gravity deg.  Fahr. 

(6)  Burning-point "       " 

(c)  Flashing-point "       *' 

9.  Dimensions  of  engine: 

latCyl.   adC]rL 
(a)  Class  of  cylinder  (working  or  for  compressing  the 

charge) 

(Vertical  or  liorizontal) 

(c)  Single-  or  double-acting 

(<l)  Cylinder  dimensions 

Bore in. 

Stroke ft. 

Diameter  of  piston-rod in. 

Diiimeter  of  tail-rod " 

(e)  Compression  space  or  clearance  in  per  cent  of  vol* 

ume  displaced  by  piston  per  stroke: 

Head  end 

Crank  end 

Average 

(/)  Surface  in  square  feet  (average) 

Barrel  of  cylinders 

Cylinder-heads 

Clearance  and  ports 

Ends  of  j)iston 

Piston-rod 

(g)  Jacket  surfaces  or  internal  surfaces  of  cylinder 

heated  by  jackets,  in  square  feet 

Barrel  of  cylinder 

Cylinder-heads 

Clearance  and  ports 

(h)  Horse-power    constant    for    one    lb.  M.E.P.,  and 

one  revolution  per  minute 
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14. 
15. 

I* 

IS. 
19, 


20. 


21. 
22. 


I    2a. 


24. 
25. 


b      2( 


Give  description  of  main  feattires  of  engine  and  plant,  and  illustrate 
with  drawings  of  same  given  on  an  appended  sheet.  Describe  the 
method  of  govertiifig.  ^tate  whether  the  conditions  were  coastaiit 
during  the  teat. 

TOTAL    QXJANTITtEa. 

Duration  of  test , , , i . . . .  .hours 

Ga»  or  oil  consumed .............. cu.  ft,  or  Ibi, 

Air  mippHed  in  cubic  feet. ...............  ^  .*.....,.... .  .cu.  ft. 

Cooling-water  supplied  to  jackets,  *. .  * ,  * ,,.,.,♦,....      " 

CaioriHc  value  of  ga^  or  oil  by  calorimeter  test,  determined 

by*  *.*«,*,., .  .calorimeter  .,....,.,..,.....,♦, B.T-U* 

Boi7RLir  Q0ANTmi;s. 

Gas  or  oil  consumed  per  hour.  * , .,.,......,,,..  e«.  ft.  or  lbs, 

CooUng-^water  supplied  per  hour .  .........,,*..,,.,*  ^ .. .  lbs, 

Friesaure  at  meter  (for  gaa-engine)  in  inches  of  waler ins« 

Barometric  pressure  of  atmoephere: 

(a)  Reading  of  height  of  barometer. * . . . ,  .ins. 

{b}  Reading  of  temperature  of  barometer.  *  ,  **,......  .dt'g.  Ftthj", 

(c)  Reading  of  barometer  corrected  to  32*  F , . .  Ins. 

Temperature  of  cooling- water: 

{a )  I  niet , ........,.*  deg.  Fahr, 

(fej  Outlet *  *        ** 

Temperature  of  gas  at  meter  (for  ga^'-engme) '*        " 

Temperature  of  atmoftphere: 

(a )  Dry-buib  thermometert , ,  **♦,-*•*,*.,  **.......*,  *  "         " 

(h)  Wet-brilb  therniometer.  , ,  * .......  **        " 

(c)  Degree  of  hiiniidity . per  cent* 

Temperature  of  exhaust-gaaee ^^&'  Fahr^ 

How  determined.  .,*....,... 

DATA    re; LATINO    TO    HEAT    MIGAflOnRMCNT. 

Heat -units  consumed  per  hour  (lbs.  of  oil  or  cu.  ft.  of  gSM  per 

hour  multiplied  by  the  total  heat  of  combustion) .  .  .  .BtT*U, 
Heat  reicel<^d  in  coohng- water: 

(a)  Total  per  hour.  ...*,.,. " 

(6)  In  per  cent  of  heat  of  combuslinn  of  the  gaJi  or  oil 

consumed.  .♦**.*..,.,...,.....♦.,*♦,,*,.,.,  .per  cant 
Sensible  heat  rejected  in  exJittust^aM?^  ftbove  tumpcraturo 
of  inlet  air: 

(a)  Total  per  hour _ B*T.U» 

(by  In  per  cent  of  heat  of  eombuirtion  of  the  gas  or  oil 

oonsimied,  - .  * .*.♦., .per  cent. 

Heat  lost  through  incomplete  combujition  and  radiation  per 
hour: 

(a)  Total  per  hour .*.,,•••,. B.TpCT, 

(^)  In  per  eent  of  lieat  of  eomlitrntlon  of  the  $w  or  oil 

€ODJum^d ,  .* ,, .,.«., pvr  etiil. 


3Q.  V&Hfttioii  of  i$pee<)  br^tween  QoloadaQd  inW  load*  *  «  «..,,.«,,, 
l$l*  Flycluatiou  o(  pii>eed  on  changing  fruiii  no  loud  to  full  Josid,  tm^Adurtil  ^ 
by  tbc  increase  in  the  revolutions  due  to  tKe  ckan^. 

12.  Pn^sitiirt;  in  lbs.  per  sq.  in.  above  atmosphere: 

(a)  Maximum  pressure 

(b)  Pressure  jusi  twfore  ignition ..,.,...(*,, 

(tj  Pressure  at  end  of  expanaion 

{d)  E%hau.st  preissure  . ........ 

Teiii|)eraturr  in  deg,  Fahr.  computed  from  dii»gram: 

(a)  Maximum  t<*mperature  (not  neoesnarily  at  masdmiirii  pressuiv)*, 

(h)  Jiijst  be  for**  ignjto'i ..,,.,..,,.. 

{c)  At  end  of  expansion « « .  * 

(J)  During  exhaust  * . . » * 

Mean  effective  pressure  in  lbs,  per  aq,  in, 

POWES, 

Power  as  rated  by  buildera: 

(d )  ludteated  horse-power  ,  ,.,. ,,,.,. ,♦,  ,.        H,P* 

(6)  Brak^  , •' 

36.  Indicated  h^rse-power  actually  developed: 

First  cylinder H.P. 

Second  cylinder " 

Total '* 

37.  Brake  H.  P.,  electric  H.P.,  or  pump  H.P.  according  to  the 

class  of  engine " 

38.  Friction  indicated   H.P.  from  diagrams^  with  no  load  on 

engine  and  computed  for  average  load *' 

39.  Percentage  of  indicated  H.P.  lost  in  friction per  cent 

STANDARD  EFFICIENCY   RESULTS. 

40.  Heat-units  consumed  by  the  engine  per  hour: 

(o)  Per  indicated  horse-power B.T.U. 

(6)  Per  brake  horse-power *  * 

41.  Heat-units  consumed  by  the  engine  per  minute: 

(a)  Per  indicated  horse-j>ower ** 

(6)  Per  brake  horse-power " 

42.  Thermal  efficiency  ratio: 

(o)  Per  indicated  horse-power per  cent 

(6)  Per  brake  horse-power *  *     *  * 

I  MISCELLANEOUS    EFFICIENCY    RESULTS. 

t  43.  Cubic  feet  of  gas  or  lbs.  of  oil  consumed  per  H.P.  per  hour: 

I  (o)  Per  indicated  horse-power 

1^^^^^^^  (6)  Per  brake  horse-power 
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HEAT    BALANCE. 

44.  Quantities  given  in  per  cents  of  the  total  heat  of  combustion  of  the  fuel: 

(a)  Heat  equivalent  of  the  indicated  horse-power per  cent 

(6)  Heat  rejected  in  cooling-water "     " 

(c)  Heat  rejected  in  exhaust-gases  and  lost  through  radia- 
tion and  incomplete  combustion "     " 

Sum-100  "     " 
Subdivision  of  Item  (c): 

(cl )  Heat  rejected  in  exhaust-gases 

(c2)  Lost  through  incomplete  combustion 

(c3)  Lost  through  radiation,  and  unaccounted  for 

Sum  =  Item  (c). 

ADDITIONAL   DATA. 

Add  any  additional  data  bearing  on  the  particular  objects  of  the  test 
or  relating  to  the  special  class  of  service  for  which  the  engine  is  to  be  used. 
Also  give  copies  of  the  indicator-diagrams  nciM*est  the  mean  and  the  corre« 
sponding  scales.  Where  analyses  are  made  of  the  gas  or  oil  used  as  fuel, 
or  of  the  exhaust-gases,  the  results  may  be  given  in  a  separate  table. 


CHAPTER  XMI. 
BOILING   IN  A  VACUUM. 

Multiple  Effects,  Vacuum-pans,  and  Fresh-water  Distillers.— 

Many  substances  can  only  be  evaporated  properly  at  tempera- 
tures below  212°  F.,  as,  for  instance,  sugar  solutions,  milk,  and 
many  substances  used  in  chemical  preparations.  The  pressure 
at  which  these  substances  are  boiled  must  be  reduced  below 
atmospheric  pressure  by  condensing  their  vapors  and  removing 
air  or  non-condensible  gases  by  means  of  an  air-pump,  as  in  the 
case  of  condcnsing-cngines. 

Omitting  radiation  losses  from  consideration,  all  the  heat 
applied  to  the  liquid  that  is  being  boiled  is  contained  in  the 
vapor  that  is  sent  to  the  condenser.  If  this  heat  is  wasted,  the 
economy  of  the  operation  is  very  low.  This  method  is  called 
boiling  in  a  single  effect.  It  is  the  method  employed  in  boiling  in 
the  vacuum-pans  of  cane-  and  beet-sugar  houses. 

The  steam  arising  from  the  boiling  liquid  in  an  effect  can 
b(*  used  to  evaporate  more  of  the  same  liquid  in  a  second  effect 
if  the  temperature  of  boiling  in  the  second  one  is  thirty  or  more 
degrees  lower  than  that  in  the  first  one.  This  necessary  difference 
of  temperature — to  make  the  heat  flow — is  obtained  by  making 
the  pressure  in  the  second  effect  lower  than  that  in  the  first.  The 
amount  of  this  pressure  is  easily  obtained  from  a  table  of  boiling- 
points  and  th(»  corresponding  pressures  of  the  substance  boiled. 

In  a  similar  manner  the  vapor  arising  from  the  second  effect 
may  be  used  to  evaporate  a  further  quantity  from  the  giver. 
liquid  in  a  third  effect  in  which  the  temperature  and  absolute 
pressure  is  less  than  in  the  second  effect. 

At  first  sight  it  would  seem  that  this  process  could  be  carriel 
on  indefinitely.    It  has  its  limits,  however.    The  vapor  from  the 
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ket  effect  must  be  condensed  and  its  temperature  must  be  thirty 
or  more  degrees  above  the  temperature  of  the  discharge-wat^r 
of  the  condenser.  Hence  the  lowest  pressure  or  the  pressure 
in  the  last  effect  is  that  maintained  in  the  condenser.  The  upper 
limit  is  determined  by  other  conditions.  Having  the  upper  and 
lower  limits  or  total  range  of  temperature  and  an  assumed  tange 
in  each  effect,  the  number  of  effects  is  easily  found  by  dividing 
the  total  range  by  the  range  of  temperature  in  each  effect. 

In  cane-  and  beet-sugar  houses,  the  exliaust-steani  from  the 
main  and  auxiliary  engines  is  tlie  source  of  supply  of  steam  to 
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the  first  effect.  As  a  rule,  its  pressure  is  from  7  to  10  pounds 
above  the  atmosphere,  hence  its  temperature  is  from  230"^  F.  to 
240T.  If  a  vacuum  of  27  inches  is  maintained  in  the  last  effect — 
cnrrespomling  temperature  is  115^  F. — there  is  a  difference  of 
240-115  =  125"^  F,  If  a  triple  effect  is  used  there  mil  be  a 
difference  of  some  40°  between  the  two  sides  of  the  heating- 
surface  in  each  effect. 

In  Fig*  262  the  first,  second*  and  third  effects  are  marked 
I,  2,  3|  respectively;  the  steam-pipe  bringing  steam  to  the  first 
effect  is  marked  S;  the  vapor  ^  effect  is  brought 
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down  and  delivered  to  the  second  eflfect  at  a  point  corresponding 
to  tlmt  in  No,  1;  the  vapor-pipes  of  the  second  and  tliird  effects 
tiiffer  in  diameter,  as  the  volume  of  the  vapor  delivered  ia- 
creases  greatly  an  the  pressure  is  decreased.  The  vapor  Jrom  the 
third  i^ffL^et  is  condensed  by  coming  into  contact  mth  the  injection* 
water  flowing  through  the  pipe  L  The  air  is  thtiwn  off  througli 
the  pipe  A,  protected  by  a  shelf,  by  the  dry-air  [luuip.  The  dis- 
charge-water  flows  away  by  gravity 

Examining  No,  1  more  in  detail  we  find  that  it  id  inade  t>f 
four  belts  called  the  dome,  the  calander,  the  tulxsbelt,  and  the 
bott<jm.  The  effect  is  supported  by  the  tube-belt  in  order  that 
the  bottom  may  be  rc^adily  dropped  for  repairs. 

In  none  of  the  effects  is  the  steam  admitted  directly  amor^  the 
tubes.  The  steam  passes  aroimd  the  effect  in  an  annular  bJt 
and  is  admitted  to  the  tube- space  tlirough  narrow  slots,  slio^ra 
much  enlarged  in  the  No.  2  effect.  This  tiistributes  tlie  Meam 
and  prevT*nts  the  foanung  that  would  otherwise  occur  near  the 
steam-pipe  opening.  The  circulation  of  the  juice  is  up  tlu*ough 
the  email  tube-s-^2  inches  in  diameter  and  30  tu  40  jnehes  long — 
and  down  through  the  downconier— 24  inches  or  more  in  diameter 
— marked  />. 

The  action  then  is  as  follows:  Steam,  pressure  25  pounds 
absolute,  temperature  240°  F.,  enters  the  steam-space  of  No.  1 
effect.  The  temperature  of  the  juice  on  the  other  side  is  40  de- 
grees lower,  or  200°  F. ;  therefore  the  gage  Gi  should  show  7  inches 
mercury  vacuum  =  11  pounds  absolute.  The  steam  at  200°  F. 
passes  into  the  steam-belt  of  No.  2.  The  juice  on  the  other 
side  of  its  tubes  must  be  ai  200° -40°  =  160°  F.  Hence  gage  Gj 
should  show  20  inches  of  mercury  vacuum.  The  steam  at 
160°  passes  into  No.  3,  and  the  gage  Gs  should  show  26.5  inches 
of  mercury  vacuum.  It  is  the  custom  to  show  the  vacuum  in  the 
effects  rather  than  the  absolute  pressure.  The  efficiency  of 
the  heating-surfaces  would  be  greatly  increased  by  increasing 
the  vacuum  to  28  inches. 

As  the  condensed  steam  in  No.  1  belt  is  at  a  pressure  higher 
than  that  of  the  atmosphere  it  is  easily  drained  off.  As  the  pres- 
siu-e  in  the  other  two  belts  is  less  than  that  of  the  atmosphere  an 
air-pump,  called  a  sweet-water  pump,  is  necessary  to  draw  off 
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the  condensed  steam  and  produce  the  necessary  vacuum  that 
exists  i>ver  the  juice  surface  in  Nos.  1  and  2;  that  in  Nu,  3  is  pro- 
duce<l  by  the  air-pump  connecte<l  to  the  condenser  atw4.  If  the 
multiple  effect  is  more  than  34  feet  from  the  ground  the  ron- 
dens^ed  steam  in  the  tube-l:)elts  of  the  second  and  tliird  etT^^ts 
will  drain  off  automatically  through  drify-pjpi*^  termiiuitiiig  in 
Imrrels  of  water  on  the  ground.  It  is  mse  to  connect  by  a  half- 
inch  pijie  the  steam-space  to  the  vapor-space  over  the  top  tulie- 
sheet  in  each  effect,  as  shown  in  No,  I  at  V,  This  permits  the 
easy  withdrawal  of  air  and  (in  beet-sugar  factories)  ammonia  that 
accumulate  in  the  upper  part  of  the  ateam-spaee  and  interfere 
with  the  efficiency  of  the  tubes. 

The  raw,  clarified  juice  enters  No,  1  at  J  and  the  sjTup  of 
proper  density — 28''-30*^  Beauni^^is  drawn  off  by  a  pump  at 
Sy^,  a  uniform  level  being  kept  in  all  three  effects  by  regulating 
valves  *S'!/3  and  J.  The  juice  (herefure  passes  thn^igh  the  three 
effects.  becM>ming  denser  as  it  Icses  water  that  has  been  evaporated. 

Theory  of  the  Multiple  Effect. 

Let  fo=  temperature  of  the  juice  entering  the  apparatus; 

Ti-^ temperature  of  the  boiling  juice; 

7^2  =  temperature  of  the  stoam  for  heating  this  juice; 

Cerate  of  transmission  in  thermal  units  per  unit  area  per 
degree  ilifference  of  temperature  betwern  the  steam 
and  juice  sifle,  =22  calories  per  square  meter  per  1° 
Cent,,  diff*  =  4.5  B.T.U,  per  square  foot  per  1*^  Fahr- 
diff,  of  temperature  between  the  two  sides  per  minute; 

^=area  of  the  heating'Surfnce; 

Q-=  amount  of  heat  transmit te<l  per  nunute  =  j4C{7'2-7'i); 

ill  =  total  heat  of  steam,  above  32^  F.,  at  Ti-iogi  7  + 

,305(ri-32): 
£3  =  latent  heat  of  steam  given  off  in  condensing  =^  109L7  + 
,305{7'3-32)-(ra-32); 

Se*^ weight  of  steam  condensed  in  the  intertubiJar  space; 
Wf,  =  weight  of  water  evaporated  from  the  juice. 

If  the  substance  evaporated  from  any  liquid  is  any  other  than  water, 
the  proper  changes  must  be  made  in  the  specific  heat  and  heat  of 
vaporization^    Then  the  fundamental  equations  are: 


u 


Taking  the  normal  back  pressure  of  the  exhaust-steam  inm 
all  engines  at  10  ptiunds,  gage^  the  corrcsponcling  tempera  tun*  is 
240®  F,  Assume  that  the  temperature  of  the  thin  beet -juice  fmin 
the  filterf^  or  the  thin  cane*juiefi  from  the  clarifiers  at  170*^  F.  Thi&^ 
(jf  course^  vaiies,  but  a  few  degrees  either  more  or  less  will  not  be 
imprjrtant.  Assume  that  the  highest  vacuum  is  26.5  inches  of 
meruury^  so  that  the  ti'ns|>erature  of  the  thick  juice  is  120*^  F.  The 
difference  of  temperature  between  the  highest  steam  and  the  cocfc 
juice  is  240^  - 120''=  120''  F, 

With  the  above  data  we  shall  derive  the  theoretical  equatio 
for  single,  double,  and  triple  effects.  It  wi]]  tlien  be  seen  that  the 
capacity  of  a  double  or  triple  effect  is  no  greater  than  that  ot  a 
single  effect  working  between  the  same  range  of  temperature— 
120^  in  this  case — but  that  the  economy  of  a  double  effect  is 
twice,  and  that  of  a  triple  effect  is  three  times,  that  of  a  single 
effect  (theoretically).  In  practice  the  economy  of  the  double 
effect  is  one  and  a  half,  and  that  of  a  triple  effect  twice  that  of  a 
single  effect. 

The  theory  given  applies  to  the  distillation  of  fresh  w^ater 
by  multiple  effects.  By  the  use  of  live  steam  instead  of  exhaust 
steam  the  number  of  effects  (and  hence  the  economy  of  opera- 
tion) may  be  increased  due  to  the  increased  total  range  of  tem- 
perature. 


SINGLE    EFFECT. 

^°  =  170^F.; 
Ti  =  120°  F. — juice  entering  the  effect  is  hotter  than  boiling  juice 

inside; 
r2  =  240°F.; 
^2  -  7^1  =  240°  - 120°  =  120°  F. ; 


'-1 


C  =  4.5B.T.U.  per  minute; 
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A -one  square  foot,  therefore  Q-1  x4,5xl20-540  B.T,U, 

per  square  foot; 

5(.^  7- =steam  condensed  per  square  foot  of  heating-surface 

^  540 

Vm  J  +.305(240  -  32J  -  (240-32) "       ^"^        * 
TF^=water  evaporated  per  square  foot  of  heating-surface 

540 

109L7  +.305(120  -32)  -  (170-32)     "*^  po^^^^ 

efore  a  single  effect  will  evaporate,  umler  these  conditions, 
55  pound  of  water  per  nunute  per  square  foot  of  heating-sur- 
face and   will  require  .57  pound  of  steam,  or,  in  other  words, 
one  pound  of  stean\  in  condensing  evaporates  .96  pound  of  water. 

DOUBLE    EFFECT, 

In  a  double  effect  the  range  of  temperature  in  each  effect  will 

120^ 
be  one-half  that  in  a  single  effect,  or  with  our  data  — ^  =  60°< 


r8'-240^  F,  as  before; 
120 


First  Effect. 


240°"- 60°=  180^  R 


I 


temperature  of  boiling 

juice  in  the  first  effect; 

(0  =  170^  F.  temperature  of  juice  entering  the  first  effect; 

Q=^'C(r2'-r,'}  =  1x4.5x60  =  270  B.T.U.; 
;i, -(((,-32)  =  1091.7 +.305(180 -32) -(170-32)  =998  B.T.U.; 
L2'  =  1091.7  +.305(240-32) - (240-32)  =946  B.T.U.; 


w; 


'j|.-(^-32rl^  =  -^^^P^"^^- 


^  Se4^nd  Effect 

'Hie  steam  entering  the  second  effect  will  have  the  temperature 
of  the  boiling  juice  in  the  first  effect,  and  as  the  juice  is  run  from 
the  first  to  the  second  effect  the  temperature  of  the  juice  entering 
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the  decond  effect  will  be  the  same  aa  tbfit  of  the   boilliig  jmcf 
in  the  first  effet^t. 

Se"  =  steam  condensed  in  the  second  eflFect; 
H^f"^  water  evaporateti  in  the  second  effect; 
ITa"^  180"^  F,  ==  temperature  of  steam  entering  second  effect; 
lo' =^  180*^  F.^  temperature  of  juice  entering  second  effect: 
Ti"  =  120^  F,  ^  temperature  of  boUing  juice  in  the  second  effect; 
L2"-109L7+.3a'>fl80-32)-(180-32)-9S8B,T,U.; 
^"  ^^0-32) -1091,7 +.305(120-32) -(180-32)  =970  B.T.U, 


I 


In  the  first  effect  we  assumed  one  square  foot  of  heating  surface, 
We  cannot  assume  one  square  foot  of  healing-surface  in  the  se<^(>n<l 
effect^  for  we  must  have  such  an  area  in  the  second  effect  as  wm 
transmit  (under  the  assumed  conditions)  the  heat  that  is  seolfl 
from  the  first  effect.  ^ 

Tlie  heat  that  is  transmitted  through  the  heating-surface  of  the 
second  effect  is  S^'Lz\  But  5/'  =  FFe',  the  water  evaporal<?cl 
from  the  first  effect.    Therefore  ^ 

0 -.272x988 -268.7  B.T.a=  A" X4,5(1S0- 120); 
A  =  .99  square  fool; 

In  the  two  effects  we  have  1.99  square  feet  of  heating-surface 
required  for  the  evaporation  of  .272 +.277  =  .55  pound  of  water, 
or  the  evaporation  for  two  square  feet  in  the  double  effect  is  the 
same  as  that  for  one  square  foot  in  the  single  effect.  But  the 
amount  of  steam  condensed  from  the  source  of  supply  is  only 
.285,  or  one-half  that  required  from  the  outside  by  the  single 
effect. 

IRIPLE    EFFECT. 

In  the  triple  effect  between  the  same  temperature  limits — ^240*^ 
to  120° — the  range  in  each  effect  is  40°  F.  The  area  of  heating- 
surface  in  the  second  and  third  effects  must  be  found  as  it  was 
found  in  the  case  of  the  second  effect  of  the  double  effect.  In 
general  it  will  be  found  theoretically  that  three  square  feet  are 
required  to  do  the  work  of  one  square  foot  in  the  single  effect^ 
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Etenaity  of  Thin  Juice  in  Degrees  Bcatund, 
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but  there  will  only  be  required  one-third  the  quantity  of  steam 
from  the  source  of  supply. 

Actual  Design  of  Multiple  Effects. — The  actual  design  of 
economical  multiple  effects  is  considerably  more  complicated 
than  would  be  indicated  by  the  preceding  theory.  As  a  matts 
of  fact  the  coefficient  of  heat  transfer  is  not  the  same  in  each  of 
the  effects.  This  is  easily  seen  from  Professor  Perry's  theory. 
In  the  last  effect  the  molecules  of  steam  are  far  apart,  their  rate 
of  vibration  is  low,  they  have  far  less  power  of  brushing  away 
the  water  on  the  heating  surface  than  in  the  first  effect.  As  a 
result  of  numerous  experiments  Claassen  gives  the  following 
values  for  C,  the  calories  per  square  meter  per  degree  Cent.,  differ- 
ence of  temperature  between  the  heating  and  boiling  fluids  per 
minute;  for  the  first  body,  40;  for  the  second  body,  30;  for 
the  third  body,  20;  and  for  the  fourth  body,  10,  when  the  sur- 
faces are  clean. 

While  it  is  possible  to  attain  the  rates  indicated  above  when 
the  surfaces  are  clean  it  is  not  possible  when  the  surfaces  become 
foul.  It  is  better  then  to  assume  the  following  rates  for  C.  For 
the  first  body,  32;  for  the  second  body,  25;  for  the  third  body, 
17;  for  the  fourth  body,  9.  Instead  of  having  equal  fall  of  tem- 
perature in  each  effect,  it  is  better  to  make  the  product  of  the 
fall  of  temperature  in  any  effect  and  the  heat  transfer  coeflScient 
in  that  effect  a  constant.  Thus,  if  the  fall  in  temperature  in  the 
first  effect  is  10°  and  32  is  the  coefficient  in  that  effect  then  the 
fall  in  the  last  effect  should  be  35.5°,  viz.,  the  product  10x32= 
constant. 

The  specific  heat  of  the  boiling  liquid  is  not  constant  in  the 
different  effects  and  it  should  therefore  be  considered.  Further, 
a  very  considerable  economy  arises  if  steam  coming  from  the 
different  effects  is  diverted  from  entering  the  following  effect 
and  is  used  to  raise  the  temperature  of  the  raw  juice  gradually 
to  the  temperature  needed  in  the  clarifiers.  The  heat  coming 
from  the  condensed  steam  in  each  effect  may  also  be  so  utihzed. 
If  steam  is  diverted,  however,  from  its  regular  course  a  change 
must  be  made  in  the  heating  surface  of  the  effects  for  it  is 
essential  that  each  effect  should  only  be  able  to  condense  the 
steam  from  the  preceding  effect. 
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For  example,  the  juice  from  the  mill  at  20^  C.  might  be  raised 
by  steam  passing  into  the  condenser  from  20°  to  48*^  C.  By 
vapor  fitjm  the  second  effect  it  might  be  heated  to  88^  C.  It 
routd  be  heatt^l  from  88°  to  94°  by  vapor  from  the  first  effect. 
In  case  the  raw  juice  is  sent  through  the  filters  and  cooled  it  may 
be  heated  a  second  time  to  94°  C.  As  a  result  of  tliis  method 
the  he-ating  surfaces  in  a  quadruple  effect  for  a  house  grinding 
1000  tons  of  cane  per  day  would  be : 

453  square  meters  for  the  first  effect;  325  for  the  second; 
204  for  the  third,  and  280  for  the  fourth.     This  multiple 
effect  would  operate  on  exhaast  steam  alone  and  no  coal  or 
wood  l)oilers  would  be  necessary.    The  bagasse  would  furnish 
sufficient  heat.    The  solution  of  this  problem  is  interesting, 
but  too  long  for  this  treatise- 
Measurements  of  Density  of  Liquids.— The  density  of  liquiils  is 
taken  by  means  of  hydrometers  whose   indicatiouB    are  called 
flegrees.    The  hydrometer  is  generally  made  of  glass.    It  con* 
Bists  of  a  graduaterl  stem  \^ith  two  bulbs.     VVljen  floating  in  a 
liquid  it  is  maintained  in  an  upright  position  by  its  low  center  of 
gravity,  due  to  the  presence  of  shot  in  the  bottom  bulb.    The 
upper  bulb  containing  only  air   gives  the  necessary  buoyancy. 
The  zero  reading  is  at  the  top  of  the  scale  for  liquids  heavier 
than  water  and  at  the  bottom  for  liquiJs  lighter  than  water. 

With  sugar  solutions  either  the  Beaum^  or  the  Brix  hydrometer 
nia\^  be  used.  To  convert  Beauni^  (or  Baum^)  readings  into 
specific-gravity  readings  see  Kent  s  Handbook,  page  165, 

To  find  the  amount  of  water  evaporated  from  a  sugar  solution 
when  its  density  is  increase:!  from  one  hydrometer  reading  to 
another: 


Let  G^the  specific  gravity  of  liquid  driven  off; 

Gi  =  the  specific  gravity  correysponding  to  the  lower  reading; 
G2^  the  specific  gravity  corresfwiiding  to  the  higher  reading; 
yi  =  original  volume  of  liquid; 
x  =  percentage  of  original  volume  that  is  evaporated; 
Fi  ( 1  —  x)  =  final  volume ; 

Gj Flyweight  of  the  vapor  driven  off; 
Gi7i=G2nMl-x)]+CxFi, 

If  the  part  evaporated  is  water,  G  =^  1; 
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Gg-Gi 


X  =  ' 


Gg-1 


Tiibultttiiig  the  resulta  ol)tained  for  the  evaporation  from 
Bcaurn^  reatling  to  a  higher  one,  we  obtain  the  preceding  table. 

If  a  mill  grinds  500  tons  of  sugar-canr  por  day,  with  an  extrar-" 
tioa  of  80%,  what  will  be  the  heating-j^uifat'o  nHjuiird  theoretically 
in  a  triple  efifect  working  between  240*^  and  120°  F.,  and  reducing 
the  juice  from  6°  to  26''  Beauin<5? 


^     Weight  of  juice  in  pounds, 
^^^  500x2000x80 


100 
Volume  of  juice  in  cubic  feet, 

snn.ooo 


=  800,000; 


(6°  B6.  =  1.041  sp.gr.). 


62,5x1.041 

From  table,  volume  of  juice  evaiiorateii 

800,000.x. 80      ..    ,    . 

=  — cubic  feet: 

62.5x1.041       ""'"^''' 

Weight  of  water  evaporated  in  24  hours 

_  800,000  X. 80  x62.5_ 
62.5x1.041 

Weight  of  water  evaporated  per  minute 


615,000; 


615,000     .„  . 

=  24^^=^^P°'^^«5 

The  required  heating-surface  would  be 

427 

-^5  =2250  square  feet. 


Fig,  :W3. 

(5)  improper  care,  not  keeping  the  pressures  in  each  effect  at  the 
proper  point:  (6)  inequality  in  the  daily  tonnage  of  cane. 

The  factor  of  safety  is  sometimes  as  high  ns  2. 

Fig,  263  represents  a  liiagrammatic  sicetch  of  a  vacuum-pan, 
as  used  in  BUgar-houses  and  refineries.  In  theory  it  is  a  single 
effect  p  as  the  steam  arising  from  the  sugar  solution^  boihng  under 
20  to  26  inches  of  vacuum,  goes  immediately  to  a   conden,ser. 
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The  economy  of  the  process  is  low — ^in  reality  only  a  smaD 
amount  of  evaporation  is  performed  in  the  pan.  An  approximate 
idea  may  be  obtained  from  the  following  terse  summary  of  results. 
Start  with  10  cubic  feet  of  juice  as  it  comes  from  the  sugar-cane, 
boil  it  down  in  the  multiple  effect  to  2  cubic  feet  by  evaporating 
8  cubic  feet  of  water  away.  The  resulting  liquid  has  the  consist- 
ency of  table  syrup.  Evaporate  the  2  cubic  feet  of  syrup  to 
1  cubic  foot  in  the  vacuum-pan.  The  residue  is  a  mixture  of  50  to 
60%  of  molasses  and  50  to  40%  of  crystallized  sugar.  This  mass 
flows  slowly,  and  when  cold  hardly  flows  at  all.  Hence  the 
peculiar  construction  of  the  pan.  It  must  be  built  so  that  the 
massecuite  will  flow  out. 

The  boiling  is  done  by  a  series  of  coils,  each  one  with  its  own 
steam-valve,  drain,  and  trap.  Coils  are  from  4  to  6  inches  in  di- 
ameter and  40  to  60  feet  long.  Most  of  the  boiling  is  done  by  the 
lower  coils,  as  the  upper  ones  are  used  only  at  the  end  of  the  process. 

In  a  pan  containing  seven  rows  of  coils  an  expert  sugar-maker, 
who  knows  the  kind  of  syrup  he  is  getting,  will  draw  in  syrup  till 
three  or  more  coils  are  covered.  He  will  boil  it  down,  shutting  oft 
coils  that  will  soon  become  uncovered,  until  he  has  the  syrup  at  the 
proper  density.  He  will  then  cause  crystallization  or  "  form  grain  ' 
by  a  sudden  chilling  of  the  mass  as  he  has  a  saturated  hot  solution, 
which  when  chilled  becomes  supersaturated  and  w^ill  form  grain. 
To  do  this  he  increases  the  vacuum  (thus  lowering  the  boiling- 
point)  or  gives  a  strong  feed  of  cold  syrup.  The  remainder  of 
the  process  consists  in  building  up  the  grain. 

The  transfer  of  heat  per  square  foot  of  surface  per  degree 
difference  of  teniporature  is  low — not  over  1.4  B.T.U. — because  of 
the  density  and  stiffness  of  the  mass  during  a  large  part  of  the 
process  and  also  because  of  the  small  amount  of  time  that  the 
upi)er  coils  are  in  use. 

The  principal  broad  point  of  interest  is  the  relative  length  of 
a  coil  and  its  dianieter.  Only  a  definite  weight  of  steam  can  pass 
the  cross-section  of  any  tube,  and  it  is  useless  and  in  fact  detri- 
mental to  have  more  surface  than  is  required  to  transfer  the  heat 
to  the  liquid  that  is  being  boiled.  To  be  efficient  the  tubes  must 
be  kept  clear  of  water.  The  circulation  of  the  boiling  mass  is  of 
great  importance,  and  the  width  of  the  central  channel  is  at  least 
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one-quarter  the  diameter  of  the  pan.  Vibration  stresses  are  high, 
and  the  tubes  must  be  strongly  secured  to  prevent  rubbing.  A 
pinhole  in  a  tube  necessitates  shutting  it  off. 

Problem. — What  should  be  the  maximum  length  of  a  6-inch 
tube  using  steam  at  80  pounds  gage;  vacuum  22  inches;  rate  of 
heat  transfer  2.1  B.T.U.? 


Refrigerating  Machinery. — When  a  gas  is  compressed,  heat 
equal  to  the  work  done  on  it  is  added  to  the  g^s  and  its  tempem- 
iiiTv  rm*^  higli  above  the  norniaL  If  this  compression  ie  perfoniieil 
in  a  tubular  vessel,  the  gas  may  be  eooled  by  passing  water  at 
ORDINARY  temperature  througli  the  tubes.  The  third  step  is  to 
allow  the  gas  to  expand^  either  freely  or  tloing  work.  As  a  r^ult 
of  Mm  expansion  the  tempera ture  of  the  gas  may  Ije  lowered  far 
below  82°  Fahr.  If  the  heat  had  not  been  abstracts!  by  rhe 
wat^r,  ns  sho^'B  above,  the  final  temperature  of  the  expandetl 
gas  would  have  been  the  original  temperature*  Having  the  colil 
gas,  tliere  are  many  obvious  ways  of  using  it  (fourth  stage  i  in 
cooling  a  room  or  freezing  water  in  c^ns.  The  third  and  Tourth 
stages  may  be  combined  in  practice. 

The  refrigeration  cycle  has,  then,  four  stages  and  is  the  in- 
verse of  the  heat  cycle,  and  the  theoretical  heat  equations  apply 
equally  well  to  both  cycles.  There  are  many  systems  of  refrigera- 
tion. The  absorption  system  is  more  economical  than  the  com- 
pression system,  but  the  latter  is  the  more  practical  and  is  used 
more  extensively.  The  use  of  a  compressor  may  be  avoided  bv 
absorbing  the  ammonia  in  water  and  then  driving  it  off  under 
high  pressure  by  heat.  We  shall  give  short  descriptions  of  a  Com- 
pressed Air  System  as  used  on  board  ships  and  of  the  Anmionia 
Compression  System  as  commonly  found  ashore. 

First  Stage.— From  formulas,  page  118,  we  find  if  w  pounds 
of  dry  air  are  compressed  from  Po,  Vq,  Tq  to  Pi,  Vi,  Ti,  and  are 
expolk^d  at  Pi,  with  a  constant  pressure,  Pq,  on  the  other  side  of 
the  piston. 

Ai=—j^{PiVi'-PoVo)  =  net  work  in  foot-pounds  required  per 
stroke. 
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wrK^iTi-To)  fool-pounds,    or    wKpITi-Tq). 
The  final  temperature  of  compression  is 
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or 


n< 


■^-m-' 


Secand  Stage, — Let  the  air  I>c  coo!e<l  at  constant  pressure 
(Pi  =  Pj),  its  temperature  faUing  to  T^I^Tq  theoretically)  and 
its  volume  to  Fa-    The  amount  of  heat  abstracted  =^ 

Q^'-wKpiTi-T^)  foot-pountk; 

The  amount  of  cooling-water  in  gallons  = 

<?2 


G= 


77HxS,3(k'-i2y 


ti  =  temperature  of  discharge-water  from  the  condenseFi 
(..=  "  *'  injection       ''       to     ''         ** 

Third  Stage, — The  air  is  now  alloweil  to  expand  in  an  expansion 
cylinder  doing  net  work  = 

,  A2  =  wKp(T2-Tb\ 

/Pa\x=i 
when  r3  =  final  temperature  of  expanBion^r2l  p- 1  r  , 

as  Pi  =  P2. 

Foitrth  Stage. — The  cold  air  at  T^  ia  alloweil  to  absorb  the 
heat  eijual  to  C  foot-pounds  from  the  substance  to  l>e  chilleil 
The  amount  of  heat  gained  by  the  air  equals  the  refrigeration 
effect  on  the  substance  to  be  chilled, 

where  Ti^  final  temperature  of  the  cold  air. 

TheoreticaUy,  to  proiluce  a  cycle,  T^  should  equal  Tq. 
f       In  other  words,  the  initial  temperature  of  the  substance  to  be 
chilled  the  final  temperature  of  the  cold  au*  that  caused  the  chill- 
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ing  and  the  initial  temperature  of  the  air  entering  the  compressor 

The  power  required  per  stroke =Ai-A2; 
Q2=Ai-A2+C; 

Theefficiency£:=^j,^__y^*^__(^^__j,^^  ^^f^^T^^^iTo-T^) 

Theoretically,  jT^jT. 

Ammonia  Compression  System. — ^Fig.  264  is  a  diagrammatic 
sketch  illustrating  the  fundamental  elements  of  an  anmionia  com- 
pression system.  In  a  reservoir,  R,  is  a  supply  of  liquid  and 
gaseous  ammonia  under  a  pressure  of  150-200  pounds  per  square 
inch.    By  opening  a  valve,  a,  capable  of  very  fine  adjustment— 


■       1.1.1  >|.  .'.VmI,' '.,MW  ,|  'p  .LliT,-,.  r,l  I    V  ,■,■   I  n..l,.l.i|i, 


Fig.  264. 

generally  a  noodle- valve — the  li(|iiid  ammonia  is  admitted  into 
(ho  tubes,  B,  enclosed  in  brine.  The  pressure  and  temperature 
in  those  tubes  are  quite  low,  some  30  pounds  absolute  and  0°F., 
for  instance,  as  they  are  on  the  suction  side  of  the  compressor 
cylinder.     On  the  dolivory  stroke  of  the  piston  of  this  cylinder 
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the  ammonia  that  had  become  completely  psefied  and  finally 
superheatal  by  its  free  expansion  at  the  low  prcBSure  m  the 
tubes,  B,  is  compressed  up  to  a  pressure  as  high  or  a  trifle  higher 
than  that  in  the  reservoir.  The  higli  superheat  arising  from  this 
compression  is  removed  by  the  action  of  the  cooliog-watcr  on 
the  tubes  of  the  condenser,  C,  through  wliich  the  gas  flo^^'s  on 
its  way  to  the  reservoir  R.  Under  practically  constant  pressure  the 
gaa  gives  up  first  its  superheat  ami  then  its  latent  heat,  and 
trickles  back  into  the  reservoir  as  liciuid  anmionia. 

The  conversion  of  the  liquid  into  gaseous  ammonia  in  the 
tubes,  B,  requires  heat.  This  is  supplied  by  the  brine  which  is 
thereby  cooled  to  some  tem|)erature  between  0^  and  32^^  F.  The 
brine  is  forced  through  pi[>es  in  the  room  to  be  cliilled  or  around 
the  cans  containing  the  water — distilled  so  as  to  be  free  of  air- 
bubbles — to  be  frozen.    The  brine  is  used : 

L  To  prevent  sudden  changes  of  temperature  in  the  cooling- 
room,  its  effects  being  similar  to  those  of  a  fly-wheel  on  the  rota- 
tion of  an  engine. 

2.  To  prevent  the  damage  that  would  occur  with  an  armnonia 
leak. 

As  ammonia  disintegrates  brass,  none  of  that  metal  should 
be  exposed  to  that  alkali.  All  the  tuWs  and  fittings  should  be 
of  extra-strong  metal,  and  all  screwed  joints  must  be  solderetl  to 
insure  tightness.  For  efficient  compression  the  compressor  clear- 
ance must  be  very  small  and  preferably  filled  w^ith  heavy  oil  at 
the  end  of  the  stroke;  the  valves  must  be  perfectly  true,  an  the 
slightest  wear  reduces  the  economy.  The  compressor  is  exposed 
to  heavy  pressure  and  high  temperature,  hence  great  strength  is 
necessary.  The  piston  and  valve-stems  must  have  very  deep 
packing-boxes,  as  ammonia  leakage  is  extremely  difficult  to 
prevent. 

In  Fig,  265  let  A  represent  the  state  of  the  liquid  ammonia  to 
the  immediate  left  of  the  valve,  a.  Fig  264.  The  expansion  that 
takes  place  when  the  liquid  passes  through  the  valve^  a^  is  expan- 
sion at  constant  heat  (Fig.  122,  page  224),  consequently  AB  is  rvA 
a  straight  fine.  The  heat  of  the  vapor  and  liquid  at  B  is  the 
same  as  the  heat  of  the  liquid  alone  **t  ^  *«  excess  of  that  at  (f 
assumed  as  an  origin.    Heat  '  ^  in  pro- 
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dueiLtg  the  evaporation  represented  by  the  line  BC,  In  passing 
through  pipes  in  the  air  and  into  the  warm  compressor  the  gas  ii 
fiuperheateil,  as  shown  by  CD,  DE  represents  the  rise  in  tempera- 
ture due  to  adiabatic  compression  in  the  compressor  cylinder.  If 
the  mean  pressure  existing  in  the  condenser-tubes  be  taken,  it  will 
be  foimd  that  the  gas  entering  the  conilenser,  C,  from  the  com- 


«^ 


ai5 


Fio.  265. 

pressor  has  a  temperature  far  in  excess  of  that  corresponding 
to  that  pressure  as  shown  in  Table  X  of  Peabody's  taUes,  or  as 
shown  in  Kent,  page  993.  The  cooling-water  absorbs  the  super- 
heat and  then  the  latent  heat  of  the  ammonia  gas,  and  finally 
some  of  the  heat  of  the  liquid  ammonia,  as  shown  by  the  lines 
EF,  GF,  and  GA, 

The  data  for  the  entropy  diagram  were  taken  from  Kent, 
page  998,  where  other  data  may  be  found. 

Average  high  ammonia  pressure  above  atmosphere 161  lbs. 

Average  back  anunonia  pressure  above  atmosphere 28    '* 
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'Pouncts  ammonia  circulatetl  per  minute , , ,     28. 17 

Probable   temperature  of  liquki  ammonia^  entrance  to 

brine-tank 7L3''  F. 

Temperature  of  ammonia  corresponiling  to  average  back 

pressure , - .    -h  14°  F, 

*  Average  temperature  of  gas  leaving  brme-tanks 34,2° 

Tejnpcrature  of  gas  entering  compressor*  . .  *._.,.,_,,  39° 

Average  temperature  of  gas  leaving  compressor,  . , , 213° 

Average  temperature  of  gas  entering  condenser. ,  . , .  200° 

Temperature  due  to  condensing  pressure 84*5** 

Heat  givTn  ammonia: 

By  brine,  BT.U*  per  minute. , 14  J76 

By  compressor,  BT.U.  per  minute, 2,786 

By  atmosphere,  B.T,U,  per  minute , . .  140 

Heat  taken  from  miuaonia : 

By  condenser^  BT.U,  per  minute 17,242 

By  jackets,  B.T.U.  per  minute ,  _  _  608 

By  atiuosphere,  BT.U,  per  minute,  .  • 182 

The  heat  given  antl  received  per  pound  of  anmionia  may  be 

founil  by  dividing  those  quantities  per  minute  by  28.17.  Assume 
the  si)ecific  he^t  at  constant  pressure  of  ammonia  vivpor=  1,1  and 
that  of  the  liquid  =  .52.  Tlie  minimum  entropy  is  that  of  liquid 
auunonia  at  14*^  F.  =  475°  F,  Abs.  Let  it  be  the  starting- 
point  for  entropy  measurements.  Assume  one  pound  of  ammonia 
passing  through  the  cycle.  Tlie  heat  requiretl  to  raise  the  tempera- 
ture of  the  liquid  to  71,3°  F.  -532.3°  K  Ab^,  will  be  .52(532-475), 

i  and  dividing  by  ——^ — ^  ^^'^''  S'"^^  ^^^  entropy  of  A.     More 

532  3 
accurately  the  difference  of  entropies  of  g  and  j4  =  .52  log<  -j!^'* , 

The  difference  between  the  heat  in  the  liquid  at  B  and  at  A 
^8  available  in  evaporating  liquid  tetween  B  and  A.    The  entropy 
It 

^    .52(5:^2-475) 

B  = TTTT 

At  C  all  the  liquid  lias  been  evaporated.    The  tenipf^rature  at 
D  18  39  +461  -500°  F.  Abs,     "  '  'd  to  superheat  Irom 
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475  to  500  18  1.1(500-475),  and  hence  the  increase  of  entropy 
from  475  to  500  is  readily  found. 

The  compression  is  assumed  to  be  adiabatic  and  the  poiixi  E 
Is  laid  ofif<  The  excess  of  the  entropy  of  F  over  that  of  G  is  readily 
fouutl. 

The  data  show  variations  from  this  theoretical  cycle.  The 
heat  areas  are  given  and  may  be  plotted  approximately,  and 
compareLl  with  those  of  the  theoretical  tliagram.  The  area 
beneath  BC  or  the  heal  abstracted  from  the  brine  is  the  eflfcctive 
area. 

Refrigeration  Units,— The  unit  adopted  to  measure  the  cooling 
effect,  or  the  refrigeration^  is  the  he^t  required  to  melt  one  pound 
of  ice,  which  is  144  British  thermal  units.  Divitiing  the  refrig- 
eration, measured  in  British  thermal  unitSj  by  144,  the  ice-melting 
capacity  in  pounds  is  obtained.  The  unit  for  a  ton  {2000  lbs,)  of 
ice-melting  capacity  is  therefore  288,000  British  thermal  units. 

The  commercial  tonnage  capacity  is  the  refrigerating  effect, 
expressed  in  tons  of  ice-melting  capacity,  produced  by  a  machine 
in  24  hours,  when  running  continuously  under  the  standard  set  of 
conditions* 

Considering  the  matter  from  the  standpoint  of  cost  of  plant 
and  of  steam  and  water  economy,  the  best  set  of  conditions  to 
adopt  seems  to  be  those  which  often  exists  in  ice-making,  namely, 
that  the  temperature  of  the  saturated  vapor  at  the  point  of  lique- 
faction in  the  condenser  be  90°  F.,  and  the  temperature  of  evap- 
oration of  the  liquid  in  the  refrigerator  be  QP  F. 

The  ice-making  capacity  is  not  the  ice-melting  capacity  of  a 
machine,  but  is  less,  being  usually  about  one-half  the  latter,  be- 
cause in  making  a  pound  of  ice  more  refrigeration  than  144  British 
thermal  units  is  required,  owing  to  cooling  the  water  to  32°  F. 
and  certain  unavoidable  losses  incident  to  the  process. 

The  commercial  tonnage  capacity  of  any  refrigerating  machine 
using  liquefiable  vapor  is  based  upon  the  actual  weight  of  the 
refrigerating  fluid  that  is  circulated  between  the  condenser  and 
the  refrigerator,  and  that  is  actually  evaporated  in  the  refriger- 
ator. Under  the  conditions  specified  above  twenty-five  pounds  of 
anhydrous  ammonia  per  hour  must  be  evaporated  in  the  refrig- 
erator for  one  ton  of  commercial  tonnage  capacity.    For  other 


BEFRIGEEATION. 


537 


refrigerating  fluids  we  do  not  at  present  make  any  reconinienda- 
tions  as  to  the  weight  of  the  fluid  that  must  be  circulated. 

The  actual  refrigerating  capacity  (in  tons)  of  a  machine  may 
be  determinal  from  the  quantity  and  range  of  temperature  of  brine^ 
water,  or  olhor  seeondary  fluid  cireulatetl  as  a  refrigerant .  The 
actual  refrigerating  capacity  under  the  standard  set  of  conditions 
should  correspond  closely  to  the  conmiercial  tonnage  capacity. 


DATA  AND  RESITLTO  OF  STEA^^l-fiNGlJCE  TEST.i 

AhHANOED    ACCOHUINO    'rO    the    Ca3WPl*ETS    FoHM    AllVtSKD    BY    THE   Ekgine- 

TE0T    Committee    of    the    Ami^rican    Sucikty    uf    Mechanical    Excii- 
NEEJts*    Cope   of    lft02, 

I.  Miide  by , ....,...,,  of * , 

OIL  engine  located  at.  .«.*.,... .....>......,....«,*...,.*..... 

to  determine.  .....«......>...... 


2.  Date  of  trial. , , . . .  * . , , , . 

Z*  Type  of  etigine   (simple,  compouixd,  or  other  multiple  expinsjon;    con* 
derisiiig  or  non-condeoijing) .......,.*...,*..... 

4.  Clasa  of  engine   (miU,  mannej  locomotive,   pumpitig,  electric^  or  other) 

fi.  Rated  power  of  engine. , . , 

6*  Name  of  buildera. * 

7i  Number  and  arrangement  of  cylinders  of  engine;    how  lagged;    type  of 
conde&ser. - 

5.  Type  of  valvea 

9,  Type  of  boiler ......,, ,  k 

10.  Kind  and  type  of  au]uHaried   (airi  eircuUtiBg,  nmiii,  and  feed-pump^ ^ 

jacketa,  heaters,  ete.).  ...  * .  i 

UtDyl        MOyL        3d  cyi. 

11.  Dimensmns  of  engine ,  * , 

(a)  Sifigie-  or  double-acting 

(&)  Cylinder  dimensions: 

Bore .in. 

Stroke. . , ft. 

Diameter  of  piaton-md. ,  , . .  h,  . . .  .in. 

Diameter  of  tail-rod.  ,, , . . , .  Jn. 

(e)  Clearance  in  per  cent  of  volume  dmp laced  by  pbton  per  stroke: 

Head  end 

Crank  end 

Average. 


w 


Cd)  Surface  in  tquanf  feet  (avera^); 
BarpL'l  of  cyljnd<rr 

Cleanincf^  and  pcrtfi 
Ernie  af  \nstnn  ......... 

J&cket  surfacPM  or  intiemal  surTaoes  of 
square  foet ' 
Barrel  of  cylindei 
Cylinder-heads. . .    ...... 

Clearance  and  pone  

Receiver  jacket*     .  . » . .    .  . 
Ratio  of  voluiuG  of  each  cylinder  to 
iuder  ..>.*,*.,. 
(p)  HoTif&'power  constant  for  one  pound 
one  revolution  per  minute.  .,,,*, 
12.  Dimensions  of  boilers: 

(a)  Number 

(^)  Totul  grate  surface. .,,,.,,.  .eq.  ft> 
(c)  Total  water4jej4iing  surface  (external)  , 
(J)  Total  steam-hejiting  surface  ^external), 
13^  Diinenmoiis  of  tmxiiiiin^: 

(a)  Air^ump,  > ,,-,,,,... 


cyJindta-  heated  by  jaek«t««  rn 


4 


V) 


volume  of  higb^resmite  cyl- 
mean  effective  proasme  and 


■  sq.  ft. 


rf 


Q3f)  Circulating  pump, 
(p)  Feed-pumpB, . . ,  ♦ . 


(d)  Heaters 

14.  Dimensions  of  condenser. 


15.  Size,  length,  and  number  of  turns  in 
boiler  to  the  engine 


main  steam-pipe  leading  from  the 


16.  Give  description  of  main  features  of  plant  and  illustrate  with  drawinp 

to  be  given  on  an  appended  sheet 

TOTAL  QUANTITIES,  TIME,  ETC. 

17.  Duration  of  test hours. 

18.  Length  of  time  engine  was  in  motion  with  throttle  open houis. 

19.  Length  of  time  engine  was  running  at  normal  speed «* 

20.  Water  fed  to  boilers  from  main  source  of  supply lbs. 

21.  Water  fed  from  auxiliary  supplies; 

(o) lbs. 

(b)   '' 

(c)    •' 

22.  Total  water  fed  to  boiler  from  all  sources lbs. 

23.  Moisture  in  steam  or  superheating  near  throttle per  cent  or  deg: 

24.  Factor  of  correction  for  quality  of  steam,  dry  steam  being  unity 


^ 
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ga. 


26. 


27. 
2*1. 

32. 


33. 
34. 


35. 
36. 
37. 


38. 
39. 


Total  dry  steazn  oonsumed  for  all  purposes . .........  lbs* 

(In  ease  of  superheated  at«am^iigines  df^termuiei  If  pnKiticabler  the  teiii* 
perature  of  the  steam  in  each  cylinder.) 

TotaL  tx>al  as  (ired , .  .   lbs. 

(VVliere  at\  ijidepcndeut  ^upi^rlieatcr  is  used  this  includes  coal  burned  in 
the  uuperheiiter.) 

MoLsturt*  in  tH>til, ........  .per  cent. 

To  til  I  dry  ciiul  consumed. ........ .lbs. 

Ash  and  refuse.  .....  ......... ** 

Percentage  of  a^b  and  refuse  to  diy  coal , per  cent. 

Calorific  vaUie  of  ooal  by  ^aloHmciler  test,  per  pan nd  of  dry  ooalj  de* 

termined  hy calorimeter* .B,T.U. 

Cost  of  coal  per  ton  of  2240  lbs*.  «..»...,....,...$ 

HOURLY  QUANTITIES. 

Water  fed  from  main  eourci?  of  *^upply ,  *  .lbs. 

Water  fed  from  auxiliary  supplies: 
{a) .lbs, 

0)   ..........  '* 


40, 


41. 

42. 

43. 

44. 

i45. 

46, 
47 


(c) 


To  till  water  f<?d  to  boilers  per  hour, » -  .......... .lbs. 

Total  diy  gteam  consumed  per  hour. ......,,,,.,,  " 

Lose  of  Eteam  and  water  per  hour  due  to  drips  fiom  inainB,  steam^pipeai 

and  to  leakage  of  plant lbs. 

Net  dry  steam  conauined  per  hour  by  engine  and  auxiliaries. lbs. 

Dry  steam  ooasumed  per  hour: 

(a)  Main  cylinder . . . .  Ibt* 

(6)  Jackets  and  rt^heaters. ,  -  .*.♦  ,,.*.♦ ,  '* 

(c)   Air  pump.  ,.. " 

{d)  Circuhitmg  pump.  ...,...*.,......*   '* 

(e)   Feed*water  punip.  ... " 

(jy    Ot lie r  an X diaries ., ♦.,^,   '* 

Dry  coal  consumed  per  hour: 

{a)  During  running  perbd Ibt, 

(b)  During  blinking  fieriod       ** 

{c)  Total, " 

Injection  or  circulating  water  supplied  condenser  per  hour.  ♦  * .  * cu.  ft 

PREBBOKI  B     ^NO   TEMPERATURES    (CORBECTED). 

Steam-pressure  at  boiler  by  gage. .< ...  lbs.  per  aq.  m. 

Steam-pipe  pressure  near  throttle*  by  gage *  *  *  * 

Barometrie  pressure  of  atmoapbere  in  inches  of  mercury, ,...,.,.  ,ina. 
Pressure  in  first  ppcc rver  by  gage.  .,.......,....,,..  lbs.  per  aq,  in. 

Pressure  in  second  receiver  by  gage.  .    ...,.,,...,,..       **  " 

Vacuum  in  conden^r: 

(a)  In  inches  of  mercury, ina, 

(6)  Corresponding  total  pressure. .  ..,..**.**.,.,  .lbs.  per  sq.  jiu 

Pressure  in  ^teani-ja^'ket  by  gage ,•..,.      "  * ' 

Pressure  in  reheater  by  gage  .....,, *'  *  * 

Moisture  in  steam  or  superheating  at  boilers. , . .  >  -per  centordeg.  Fahr^ 
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(d)  Surface  in  square  feet  (average): 

Bairel  of  cylinder 

Cj'linder-heads 

Clearance  and  ports 

Ends  of  piston 

(e)  Jacket  surfaces  or  internal  surfaces  oi 

square  feet: 

Barrel  of  cylinder 

Cylinder-heads 

Clearance  and  ports 

Receiver  jackets 

(/)   Ratio  of  volume  of  each  cylindei 

inder 

(g)  Horse-power  constant  for  one  p- 
one  revolution  per  minute. . 
12.  Dimensions  of  boilers: 

(a)  Number 

(5)  Total  grate  surface so 

(c)  Total  Avater-heiiting  surface  (ex 

(d)  Tot-al  steam-heating  surface  (e 
18.  Dimensions  of  auxiliaries: 

(a)  Air-pump. 


I 


(6)  Circulating  pump. , 

(c)   reetl-j)iiriips 

OO  He;iter> 

l^.  Dimensions  of  0(»n(Ien.^cr. 


15.  Size,  lenpth,  and   niiniber  of 

lM)iler  to  the  engin*  --^.U. 


16.  Give  (les('ripti<>n  of  main   fe 

to  Ik.'  given  on  an 

TOTAL  (  ned   frnni  Tea. 

17.  Duration  of  iesi 

18.  Lengtli  of  tinu'  engine  was 

19.  Length  of  time  engine  wa  aj  CfK        3d  Qyi 

20.  Water  feil  to  Iniilers  from 

21.  Water  fed  from  auxiliary 

(a)   llx. 

ib)    " 

(0    " 

22.  'I'otal  water  led  to  boil 
2'.i.  Moist  un.'  in  .^tcam  or  > 
24.   Factor  of  correction  f 


•'^v. 


541 


the  steam  accounted  for  by 
•ints  on  the  expansion   and 


sures  are  measured: 


pressures  are  measured: 


.  referred  to  each  cylinder  given  in  head- 

lbs.  per  sq.  in. 

indicated  horse-power  per  hour: 


ieal  diagram lbs.  per  sq.  in. 

.  per  cent. 

SPEED. 

rev. 

3 ft. 

ween  no  load  and  full  load rev. 

.n  suddenly  changing  from  full  load  to  no  load,  measured 
in  revolutions  due  to  the  change rev. 

POWER. 

ower  developed  by  main-engine  cylinders: 

H.P. 

Jer " 

ier " 


,  electric  H.P.,  pimip  H.P.,  or  dynamo  H.P.,  according  to  the 

if  engine H.P. 

i.H.P.  by  diagrams,  no  load  on  engine,  computed  for  average 

ed H.P. 

mce  between  indicated  and  brake  H.P H.P. 

jntage  of  indicated  H.P.  of  main  engine  lost  in  friction per  cent. 

/er  developed  by  auxiliaries: 
*  H.P. 
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BTAND^BD  EFFICIENCT   RESULTB. 

94.  Heat-uniU  oonsumed  by  engine  and  auxiliaries  per  hour: 

(o)  Per  indicated  horae-power B.T.U. 

(6)  Per  brake  horse-power " 

95.  Equivalent  standard  ooal  oonsumed  by  engine  and  auxiliaries  per  hour, 

assuming  calorific  value  such  that  10,000  B.T.U.  are  imparted  to  the 

boiler  per  lb.: 

(a)  Per  indicated  horse-power lbs. 

(6)  Per  brake  horse-power " 

96.  Heat-units  oonsumed  per  minute: 

(o)  Per  indicated  horse-power B.T.U. 

(6)  Per  brake  horse-power *  * 

97.  Heat-units  consumed  by  engine  per  hour  corresponding  to  ideal  maximum 

temperature  of  feed-water  given  in  line  55,  British  standard: 

(fit)  Per  indicated  horse-power B.T.U. 

(6)  Per  brake  horse-power *  * 

ErflCIENCT    RATIOS. 

96.    Thermal  efficiency  ratio: 

(a)  Per  indicated  horse-power per  cent 

(6)  Per  brake  horse-power *  * 

(c)  Ratio  of  efficiency  of  engine  to  that  of  an  ideal  engine  working 
with  the  Rankine  cycle per  cent 

MI8CELL.VNEOUS   EFFICIENCY    RESULTS. 

(The  horse-power  on  which  the  above  efficiency  results  (94  to  103)  are  baaed 
is  that  of  the  main  engine  exclusive  of  the  auxiliaries.) 
99.  Dry  steam  consumed  per  I.H.P.  per  hour: 

(a)  Main  cylinder  including  jackets lbs. 

(6)  .\uxiliary  cylinders,  etc ** 

(c)   Engine  auxiliaries •• 

100.  Dry  steam  consumed  per  brake  H.P.  per  hour: 

(a)  Main  cylinders,  including  jackets lbs. 

(6)  Auxiliary  cylinders,  etc •* 

(c)   Engine  and  auxiliaries *' 

101.  Percentage  of  steam   used   by  main-engine   cylinders  accounted   for  by 

indicator  diagrams. 

l«t  CyL        M  CyL        3d  Cyl. 

(a)  Near  cut-off 

(6)   Near  release 

102.  Dry  coal  consumed  by  combined  engine  and  boiler  plant  per  I.H.P.  per 

hour: 

(a)  During  running  period lbs. 

(6)   During  banking  period ** 

(c)   Total •• 

103.  Dry  coal  consumed  by  combined  engine  and  boiler  plant  per  brake  H.P. 

per  hour: 

(o)  During  running  p>eriod lbs. 

(6)  During  banking  period •• 

(c)  Total •' 
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104.  Watet  ev&potnt^d  under  aetual  conditions  per  lb.  of  dry  coal,, ...... .Iba* 

105.  Equivalent  evaporation   from  and  at   212°  F.  per  pound  of  dfy  coal 

.........  Jbs. 

106.  Efficiency  of  boilers  baaed  on  dry  ooal .per  oenW 

107.  Combined  effimency  of  boiler  and  engine  plant.  -  ,  * . .       *^ 


ADDITIONAL      CALCULATIONS       RECOMMENDED 
CLAS8E8  OF  STEAM-ENGINES. 


FOR      SPECLVL 


WATER-PUMPINO    ENOIKES. 

108.  Duty  per  1.000,000  hettt-unit«  imparted  to  the  boiler ♦ ft.4ba. 

109.  Duty  per  lOUQ  pounda  of  dry  steam  ...  ...........<....,.,,.,,  " 

1 10.  Duty  per  100  pounds  of  aetual  coal  consumed  by  plant,  ........  *' 

111.  Numl^er  of  gallons  of  water  pumj3c?d  m  twenty-foiir  hours .galfl> 


LOCOMOTIVES. 

1 12.  Dynamometric  horse-power, . ....  H.P. 

113.  *'i5tandard  CoaF'  of  10,000  B.T.U.  value  i^Q«umed, 

honae-pawer  per  hour.  *  , lbs* 


per     dynamometnc 


SL£CTRIC>UGHT     ENaiNEfi     AND 


THOB£     DfUYINO     OENERATOBft    FOR     ^iXCTilia 

RAILWAYS. 


114.  Current ....amperes 

115.  Electromotive  force ........ . .  volta 

110.  Electrical  power  generated  in  watts, .  *  ^ , ,  * . .  .watts 
117-  Electrical  horee-power  generated. .........  H.P, 

118.  Efficiency  of  generator . . , .  -  per  cent 

119.  Heat-unit^  consumed  per  electrical  horse-power  per  hour ..... .B.T,U, 

120.  Dry  sleara  conaunied  per  electrical  liorse-power  per  hour^ , , ,lba. 

121.  Dry  ooal  con^'jumttd  per  electrical  horse -power  per  hour: 

(a)  Dunng  rutmtng  period.. .,..«.«.  .lbs« 

{b)  Dunrig  banking  period , ,  •  '  ■ 

(c)  Total.................. '^ 

Addiiionat  Dataj — Add  any  additional  data  bearing  on  the  particular  objects 
of  the  lest  or  relating  to  the  special  class  of  tie r%' ice  for  which  the  engine  k  used- 
Al^  give  OQpiea  of  indicator  diiigrainf  nearest  the  mean  and  the  oorrespondlng 
scales. 


The  j>uq>ofte  of  the  invfstigation  here  described  was  to  ileriv? 
from  reliahio  datii  constants  to  }je  used  in  the  design  of  the 
stearii-t^ngine.  Tlic  work  is  confined  to  the  general  class  knon-n 
ns  "  slow-siK'txl  "  engines,  principally  of  the  Corliss  type,  Priuti^l 
forms,  enumerating  all  the  niowt  important  jmrtaculars  to  he 
considered,  were  sent  to  nearly  all  the  builders  of  this  class  of 
engine,  with  the  request  that  they  insert  the  data  de^^ireil. 
Seventy  engines  by  a  dozen  different  makers^  ranging  from  00 
to  800  horse-power  in  size,  are  represented  in  the  work. 

The  method  of  obtaining  the  constants  is  a  graphical  one, 
and  may  be  most  clearly  explained  by  means  of  an  example. 
The  diameter  of  the  piston-rod  is  calculated  in  order  to  insure 
sufficient  stiffness,  the  rod  being  treated  as  a  long  compression 
member.  Using  Euler's  formula,  and  assuming  the  length  of 
the  rod  to  be  the  same  as  that  of  the  stroke,  it  can  be  readily 
shown  that 

d  =  C'V5D2L2; (1) 

w^here  d  is  the  diameter  of  the  rod,  S  the  steam  pressure,  D  the 
diameter  of  the  piston,  L  the  length  of  stroke,  and  C  a  constant. 
Assuming  a  constant  value  for  S  and  combining  it  with  C, 


d^CVDL, 


(2) 


Values  of  d  and  VDL  taken  from  the  data  were  plotted  upon 
co-ordinate  pa[)er,  the  series  of  points  for  each  make  of  engine 


*  Sibley  Journal  and  Trans.  A.  S.  M.  E.,  Vol.  XVIII,  and  Bulletin  of  the 
University  of  Wisconsin. 
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being  connected  in  order  by  straight  line!?.  A  double  circle 
indicated  two  co-incident  points.  A  straight  line  representing 
in  position  and  direction  the  mean  of  the  different  series  was 
then  drawn  as  a  hea\^"  full  line,  and  two  others  marking  the 
extremes  were  draum  as  heavy  broken  lines.  The  location  of 
these  mean  and  extreme  lines  was  determined  simply  by  inspec- 
tion; they  were  drawn  through  the  origin  of  co-ordinates  when 
possible.  The  slope  of  these  lines  determine  the  mean  and 
extreme  values  of  the  constant  C  in  equation  (2). 

The  same  general  method  was  employed  in  the  case  of  each  of 
the  other  parts  treated,  a  rational  formula  being  used  when 
practicable.  In  all  work  involving  the  power  of  the  engine, 
the  rating  has  Ijeen  taken  at  100  pounds  per  square  inch  gaug^ 
pressure,  cut-off  at  quarter  stroke,  non-condensing.  WTiere  the 
steam  pressure  is  a  factor  in  the  constant,  values  of  the  constant 
at  other  pressures  than  1(X)  pountls  have  l:>een  computed  and 
tabulated.  Factors  of  safety  and  stresses  are  calculated  on 
the  assumption  that  the  unbalanced  pressure  on  the  piston  is 
100  pounils  per  square  inch. 

The  notation  used  is  as  follows: 

D  =  diameter  of  piston; 

L  =  length  of  stroke; 

A  =^ area  of  piston; 

5  =  steam  pressure  (gage); 
H,P.  =  rated  horse-power; 

iV=:=  revolutions  per  minute; 
C  and  B  =  constants. 

All  dimensions  are  in  inches  unless  othenaise  stated. 
PuianrTod.— The  formula  is  d  =  C^  DL  and 

d  =  Al2\  DL  for  the  mean, 
=  ,136v  Z>i  for  the  maximum^ 
^,098^  i)L  for  the  minimum. 


If  £i,  the  free  length  of  the  piston-rod  is  taken  at  LIL  we 
have,  on  substitution  in  Euler*s  formula, 
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?rZ>a    7f^X30,OQO,00(kd* 
4    '      4XL21L^X64' 

^    .    .  r      ..     ^      ^      ^  /n2\*  /136V, 

The  factom  or  safety  m  the  above  cases  are  (^  )  '  l"aH  / 

and  f  ^1  ,  since  the  stiength  varies  as  the  fourth  power  of  the 

diameter  of  the  rod, 

♦Piston-hod,  d^CVDL. 


Steam 
PreBsure. 

Mean 
Constant. 

Maximum 
Constant. 

Minimum 
OonEtant. 

80 

.106 

.129 

.093 

100 

.112 

.136 

.098 

120 

.117 

.142 

.102 

150 

.124 

.150 

.108 

OonnecHng'Tod. — Only  rods  of  circular  mid-section  arc  con- 
sidered. The  formula  is  similar  to  the  preceding,  so  that 
d-=-C'VS^L?=CVDT^,  where  Li  is  the  length  of  the  rod 
from  center  to  center  and  d  is  the  diameter  in  the  middle*    The 

constants  obtained  give 

d=.0935VDLr  for  the  mean, 
=  .105  VdLi  for  the  maximum, 
=  .0816n/DLi  for  the  minimum. 

The  factors  of  safety  are  (1.94)^,  (2.18)*,  and  (1.69)*.  The 
values  of  L  vary  from  2.75L  to  3L,  or  from  5i  to  6  "  cranks." 

♦Connecting-rod,  d^C\/DL^ 


Steam 
Pressure 

Mean 
Constaat. 

Maximum 
Constant. 

Minimum 
Constant. 

80 

.0885 

.0994 

.0763 

100 

.0935 

.1050 

.0816 

120 

.0978 

.1100 

.0854 

150 

.1030 

.1160 

.0893 

♦  Barr  and  Trooien  give  practically  the  same  values. 
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Main  Journal. — ^The  well-known  formula  for  torsion  m  used, 


I=(7\/^ 


N 


and  the  constants  obtained  give 


d-6.36\^'  for  the 

N 


mean, 


-7.8  \'-4i^'  for  the  maximum. 


=  5.&jY 


for  the  minimum. 


The  stresses  in  the  outer  fiber  corresponding  to  these  constants 
are  res{>ectively  1250,  678,  and  1775  pounds  per  square  inch. 

The  corresponding  constants  by  Barr  are  6,8,  8,0,  and  6,0 
rejspectively  for  one  journal  only,  side-crank  engines. 

Trooien  gives  the  foUowing  values  for  the  constants  in  the 
formula  

C  =  7.2  mean  valuer 
=  8.0  maximum  value; 
=  6.4  minimum  value. 

The  length  of  the  bearing  necessary  for  cool  running  is  given 

H  P 

by  the  formula  i=0    V  \ 

H  P 
i— L5fr- 4r^  +  7  for  the  mean, 

TT    p 

=^2.27— J— +  7  for  the  maximum, 

H.P, 
=0,86— y^+ 7  for  the  minimum. 

tJsing  the   empirical  formula  l^Cd  the  constants  obtained 
I  by  Barr  and  Trooien  give 

i  =  L9d  for  the  mean, 
-2.1dfo' 
--1' 
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To  prevent  ''seizing/-  the  bearing  area  must  be  matk  pro- 
portional to  the  total  pressure  The  formula  uacsd  is  <U  =  CSA 
=  CD^  aud  the  eoiiBtant^  obtained  give 


♦cU  — -44/)^  for  the  mean, 

=  ,50dIP  for  the  maximumj 
=  .36/)^  for  the  minimum. 


1 


Neglecting  the  weight  of  the  fly-wheel  and  the  pull  of  the  belt, 
the  bewaring  pressures  eorresponding  to  the  constants  are  n?spf?c- 
tivcly  17S.5,  156,  and  218  pounds  per  square  inch  of  projecU^ 
area. 

Main  JoDHtfAU  di'-ClP. 


Pressure. 

Menu 
Coiutiint. 

Maximuni 
Constitnt. 

Minitntim 
Contit.atit. 

80 

.352 

.402 

.2SS 

100 

.440 

.503 

.3(i0 

120 

.528 

.G04 

.432 

150 

.060 

.755 

.540 

♦125 

.00 

.66 

.50 

Crank-pin, — Only    '  overhung  "  cranks  are  considered.     The 
constants  obtained  give  for  the  length 

H  P 
l=,5l5-j^-\-2"  for  the  mean, 

H  P 
=  .655— V— *  +  2"  for  the  maximum, 

H  P 
=  .345    r    +2''  for  the  minimum. 


Barr  uses  the  same   formula  with  constants   20%   greater, 
namely,  .6,  .8,  and  .4  respectively. 

XT  p 

The  base  formula   l=C—j—  is  derived   from  the  fact  that 

the  projected  area  of  the  pin  should  be  proportional  to  the  heat 
(arising  from  lost  work  of  friction)  which  must  be  dissipated. 

♦  Barr  and  Trooien  give  practically  the  same  values. 
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The  empirical  formula  d=CD  gives 

d=.27HD  for  the  mean, 
^.3391)  for  the  maximum, 
^.22lD  for  the  iiiiiiimuin, 

Trooic^n  gives  *27,  ,32,  and  .21  as  the  coiistantH  from  over- 
hung crank-pins  of  Corliss  type,  UBtng  l  =  lA4d  as  the  mean 
relation  of  length  to  diameter  of  pin.  The  constants  in  the 
fonnula  l  =  Cd  are 

C==1.14  moan  value, 
^1,30  maxinmm  value^ 
=^1.0    mininmm  value. 

The  formula  for  the  diameter  of  the  pin  is  d  =  &^SDH- 
C^DH  and  the  constants  given 

d  =  .384^OT"for  the  mean, 
=  .500^  V^t  for  the  maximum, 
-.320#^Mfor  the  mimmum. 

Assuming  the  whole  load  to  be  coneentrateil  at  the  outer  end 
of  the  pin  J  the  stresses  corresponding  to  these  constants  are  re- 
spectively 14,150,  6,400,  and  25,000  pounds  per  square  inch. 


Cranx-pin, 

d-CfbH. 

F!ttS88UI%. 

Mean 

Consttuit. 

Maxiituim 
(-'onstunt. 

Minimum 
Constant. 

80 

.356 

.464 

.297 

100 

.384 

.500 

.320 

120 

.408 

.531 

.340 

150 

.440 

.572 

.366 

The  projected  area  is  given  by 

^dl^. 07 IP  for  the  mean, 
=  .09i>2  for  the  maximum, 
-.05Z>2for 

♦Bg 
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The  corresponding  pressures  are  respectively  1120,  865,  ftod 
1640  paunds  per  square  inch. 


CranX'Fin, 

dl^CDK 

Steam 

Heeut 

Constant. 

Muximum 
Constant. 

Constant. 

80 

.056 

.073 

.041 

100 

.070 

.090 

.050 

120 

.084' 

.109 

.061 

150 

.106 

.136 

.077 

Cross-head  Pin,— The  length  is  usually  the  same  as  that  gl 
the  crank-pin.     In  the  formula  l^Cdj  Trooicn  gives 

C^  1.43,    Barr  gives  C= 1,3  mean  value, 
— 1,9  =1,5  niaxinmm  value, 

^  LO,  — 1,0  minimum  value. 

For  cross  bending  if  /-1.25d  Trooicn  gives  for  O  in  formuli 

C=.25  mean  value, 
=  .28  maximum  value, 
=  .17  minimum  value 

The  bearing  area  is  given  by 

*dl=.058D^  for  the  mean, 
=  ,083D^  for  the  maximum, 
=  .042i)2  fQj.  lY^Q  minimum. 


Crobs-hrai)  Pin,  dl-CD^. 

Steam 
Pressure. 

Mean 
Constant. 

Maximum 
Constant. 

Minimum 
Constant. 

80 

.046 

.066 

.034 

100 

.058 

.083 

.042 

120 

.070 

.100 

.050 

150 

.087 

.125 

.063 

*  Barr  gives  the  same  values. 


■^ 
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Cros^kead  Shoes, — The  area  of  the  shoe  or  shoes  on  which  the 
pressure  comes  is  given  by  the  formula 

*  Area  =  .37 D^  for  the  mean, 

=  .52LP  for  the  maximum^ 
=  »23D^  for  the  minimum* 

The  greatest  pressures  on  the  guide  corresponding  to  these 
constants  is  36.1,  58.  and  25»6  pounds  per  square  inch  respectively. 


Steam                    Mean  Maximum  Miniraum 

Freeoure  ConetaDt.  CoDetant.  Constant. 

80                   .296                   ,416  .184 

100                   .370                   ,5a)  /230 

120                    ,444                    .624  .276 

150                    ,555                    ,781  ,345 


[  Steam  Ports  and  Pipes. — The  areas  of  the  ports  are  given  by 

the  formula^  area  port  =C-4  X  piston  speed  and  the  constants 
obtained  give 

I 

[  Area  steam  port  =^  ,00015244  X  piston  speed  for  the  mean^ 

I  =  ,0002084  X  piston  speed  for  the  maximum, 

Hp  =,000108  Ax  piston  speed  for  the  minimum, 

'and 

hArea  exhatist  port  =  .000181 A  X  piston  speed  for  the  mean, 
=  ,000256.4  X  piston  speed  for  the  maximum, 
=  .0002394  X  piston  speed  for  the  minimum. 
As  the  piston  speed  is  generally  600  feet  per  minute  (with 
800  for  a  maximum  and  400  for  a  minimum)  we  have  more  simply, 

Area  steam  port    =  .09A  for  the  mean, 

=  ,10j4  for  the  maximum, 
=  ,08 A  for  the  minimum, 
and  Area  exhaust  port  = ,  1 1 A  for  the  mean , 

=  A25A  for  the  maximum, 
=  .10A  for  the  minimum. 


8< 


6.800  for  the  mean^ 
9.000  for  the  maximum^ 
5.000  for  the  minimum- 
Exhaust  ports  is  5500  for  the  mean, 

7000  for  the  maximuiri, 
4000  for  the  rniniinum* 
Steam  pipes  is    0000  for  the  mean, 

8(K)0  for  the  maximum^ 
5000  for  tile  iiiininium* 
Exhatist  pipes  is  3800  for  the  mean, 

4700  for  the  nmximum, 
2800  for  the  niinimiim. 

The  diameter  of  the  steam-pipe  is  given  by 

d^.324/)  for  the  mean, 
=  .373/>  for  the  maximum, 
=  ,253/>  for  the  minimuni- 

The  diameter  of  the  exhaust-pipe  is  ^ven  by 

d  =  .400D  for  the  mean, 
=  .463D  for  the  maximum, 
=  .357D  for  the  minimum. 

Belting. — The  mean  belt  speed  is  3900  feet  per  minute,  vary- 
ing from  2600  to  5600  feet  per  minute.  The  following  constants 
were  also  observed : 

Square  feet  belt  per  minute  =  27.4  H.P.  + 1250  for  the  mean, 

=  29.0  H.P.+3000  for  the  maximum, 

=  23.2  H.P.    for  the  minimum. 

Barr  gives 

Square  feet  belt  per  minute  =  35  H.P.  for  the  mean, 

=  42  H.P.  for  the  maximum, 
=  30  H.P.  for  the  minimum. 
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Trooien  gives 

Square  feet  belt  per  minute  =  21     H.P.  + 1000  mean  value, 

=  35     H.R  H- 1000  maximum  value, 
=  18.2  H.P,  +  1000  minimum  value. 

The  Weight  of  the  Enginef  including  the  fly-wheel.  Is  given  bj 

Total  weight=  148  H.R  for  the  mean, 

=  195  H.R  for  the  maxinmm, 
—  112  H,R  for  the  minimum. 


Trooien  gives 


==132  H.P.  for  the  mean, 

=  164  ILP.  for  the  maximum, 

=  102  H.P,  for  the  minimum. 

The  Steam  Cylinder. — The  mean  thickness  of  the  cylinder  is 

given  by  the  formula  ^==-.024i>-f-.()6  inch. 

Barr  gives        t  =  A}5D  +  .3  inch, 

f  =  .054i)-h.28  inch  mean  value, 

Trooien,  =  ,072D  +  ,28  maximum  value, 

^.035Z>+.28  minimum  value* 


for  both  high  and  slow  speed  engines. 

Flanges. — The  mean  thickness  of  the  flanges  and  heads  is 
1,25^  with  extremes  of  IM  and  L7L 

Bolts. — The  number  of  cylinder-head  bolts  is  expressed  by 
N^CD^  where  C  =  J  and  iV^ number  of  bolts. 

The  sizes  of  bolts  vary  from  J"  to  1|^',  generally  being  from 
I"  to  IJ"-  The  least  number  used  is  eight.  Neglecting  the 
load  due  to  screwing  up,  the  total  cross-section  of  the  liolts  at 
the  root  of  the  thread  is  ^ven  by  a=C'SD^  =  CD\  The  con- 
stants obtained  give 

a-,0199D2  for  the  mean, 
==  .0405D^  for  the  maximum^ 
=  ,0138i>2  for  the  minimum. 


fiM 
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The  stressc?s  on  the  bolts  corresponding  to  these  aonstants  ai« 
lespectively  3950^  1&40,  and  5960  pouncb  per  Bquare  inch. 

Cfi.mDe»-HiiAD  Bolts,  A^CD^. 


Btcam 

Preaaure. 

80 

Mean 
Constant. 

.0159 

Maximum 

Constant. 

.0324 

Uinitntttn 
Constant. 

.0110 

100 

.0199 

.0405 

.0138 

120 

.0239 

.0486 

.0166 

150 

.029S 

.Ofi07 

.0207 

Barr  gives  ^=^Tri  +  *7  moh,  where  d  is  the  nomiiml  diameter 

of  the  stud.    Trooien  gives  rf=  .04D  +  3  inch, 

Pisiofu — ^Thc  face  or  length  of  the  piston  is  given  by 

Face  =  ,330/)  for  the  mean, 

—  .445D  for  the  maximum, 
=  .257 D  for  the  minimum* 

Barr  and  Trooien  give  the  same  valuer* 

The  thickness  of  piston  shell  is  .6  to  J  of  the  thickness  of 
the  cylinder  walls. 

There  are  generally  two  piston  rings  turned  to  a  diameter 
J  inch  larger  than  the  diameter  of  the  cylinder. 

Clearance  volume  varies  from  2  to  5  per  cent  in  C!orliss  engines. 
Ratio  of  length  of  stroke  to  cylinder  diameter  in  engines  having 
a  speed  less  than  110  revolutions  per  minute. 

L  =  CD  +  B, 

J5  =  8in., 

C=1.63  mean  value, 

=  2.40  maximum  value, 

=  1.15  minimum  value. 

For  engines  having  a  speed  between  110  and  200  revolutions 
per  minute, 

L=CD, 

(7=1.36  mean  value, 
=  1.88  maximum  value, 
=  1.03  minimum  value. 
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Fly-wkeds, ^SomQ  makers  consider  only  the  effect  of  the  rim, 
others  take  various  proportions  of  the  weight  of  the  hub  and  anns 
into  consideration.    For  standard  Corliss  engines  Trooien  gives 

^^^^       C=    S9(),0tX),()00,000  mean  value, 
^^^H  =  1,330,(XHJ,1XK),000  niaximum  value, 

^^^^  =    625 AKKJ ,000,000  minimum  value 

m  The  corresponding  valuea  of  K  are 

m  Ji=4000  mean  %^ahie, 

^^^  ^GOOO  [imxinmm  value, 

^1^1  =2800  minimum  value. 

The  diameter  of  the  fly-wheel  in  inches  is  CL* 

C  =  4A    mean  value, 
=  5.25  maximum  value, 
=  3.25  minimum  value. 

The  width  of  the  face  is 

W=CDi-K; 

B-50; 

C  =  .22  mean  value, 

=  .30  maximum  value, 

=  .18  minimum  value, 
Jf =13  mean  vaJue^ 

=  15  maximum  value, 

=  9  minimum  value* 

Velocity  of  the  rim  is 


68  feet  per  secon< 
82  feet  per  sec* 
40  feet  per  se 


A  note  with  R\sjH'et  lo  tlir*  luatorials  m^vd  in^y  Ix*  of  intrrtst, 
Pbton-roils  usually  are  niatle  of  milii  stoel,  imliffereDtly  speciCttl 
aa  "  oiK?n-hi*arth  *'  or  **  luafhinery  "  sluet,  but  one  maker  \mn^ 
crucible  sloel  Cunnecting-ixxlj^  are  nmde  of  both  wrought-iirm 
and  steel,  with  no  marked  prepoinlt*miK'e  in  favor  of  eitlier.  For 
crank-shafts,  most  buiklei^  use  wrought  iron,  but  opcii-hcarti 
and  erucibk^  steel  bvv  aluo  employed.  Crank-jnn?^  ami  cross-head 
piiis  are  usually  the  same  as  the  piston-rod;  a  few  eross-heads 
are  cast  solid  with  the  pin,  both  steel  and  iron  Ix^ing  used. 
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In  designing  tlie  modem  high-speed  automatic  engine,  it  haa 
been  found  that  the  eori?^tant.s  u^al  for  the  slower  type  of  engine 
do  not  give  satisfactory  n^sults.  It  was  for  the  purpose  of 
obtaining  these  constants  that  the  present  thesis  was  under- 
taken. M 

Printed  blanks  wen?  sent  to  all  the  manufacturers  of  higln 
speed  automatic  engines^  with  the  request  to  fill  in  the  dimea- 
sions  and  weights  asked  for.  Ten  responded  in  time  to  permit 
the  use  of  their  data.  About  six  or  eight  sizes  of  center  crank 
engines  of  each  maker  were  selected,  ranging  from  35  to  250  horee- 
power. 

Rational  formulae  were  selected  for  all  the  important  parts  of 
the  engine.  To  illustrate  the  method  of  deriving  the  constants, 
we  will  take  a  particular  case.  The  formula  for  the  diameter  of 
the  piston-rod  is 

d=^\/SCm>, (1) 

where  d  is  the  diameter  of  rod,  S  the  steam  pressure  (100  pounds 
gage),  C  a  constant,  D  the  diameter  of  the  piston,  and  L  the 
length  of  stroke.  Combining  S  and  C  into  one  constant,  C,  we 
have 

d  =  C\^m^, (2) 


*  See  Sibley  Journal,  Trans.  A.  S.  M.  E.,  Vol.  XVIII,  and  Bulletin  of  Uni- 


versity of  Wisconsin 


^ 
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We  substituted  in  (2)  the  values  of  d,  D,  and  L,  taken  from 

the  data,  and  then  plotted  d  as  one  co-ordinate  and  "^  DL  as  the 

other.     The  points  were  marked  by  a  small  circle,  and  where 

two  points  coincided,  by  a  double  circle.     All  the  points  of  each 

engine  weix^  connected  by  a  certain  broken  line.     A  mean  line, 

and  two  extreme  lines  were  drawn,  and  from  their  equations, 

the  constants  were  obtained,    x  =  diameter  of  piston-rod,  y  —  ^  DL^ 

.     ^     TK-r         CVDL      X  I.  t  . 

therefore ,  smce  d  =  Cv  DL,  c  =  — - —  =  -  =  cotangent  of  the  angle 

VDL      y 

with  the  horizontaL  In  some  cases,  as  in  equation  (1),  the  con- 
stant varies  as  some  power  of  the  steam  pressure.  For  these 
cases  tables  have  been  constructed  giving  the  constant  for  each 
increase  of  10  pounds,  from  50  to  200.  These  tables  have  been 
abbreviated  for  the  purposes  of  this  abstract.  For  simplicity  all 
dimensions  are  in  inches  unless  othenvnse  specified,  and  whenever 
the  steam  pressure  is  a  factor,  it  has  been  taken  at  100  pounds 
gage.  In  the  case  of  engines  not  so  rated,  that  pressure  lias 
been  stated  as  safe.  The  complete  derivation  of  the  fonnulas 
here  given  may  be  fountl  by  reference  to  the  original  thesis. 
In  this  work  the  following  conventions  have  been  used : 

A  =  area  of  piston ; 

D=diameter  of  piston; 

L  =  length  of  stroke; 
H,P.  =  horse-power; 

jS= steam  pressure  per  square  inch; 

itf  =  revolutions  per  minute; 

d  =  diameter  of  part  under  discussion, 

f  =  length  of  part  under  discussion; 

A  =  height  of  part  under  discussion; 

6  =  breadth  of  part  under  discussion. 
Puton-rods. — The  formula  is  d^C\  DL,  and 

d=i.l45  VDL  for  the  mean, 
=  Mlb^Dh  for  the  maximum, 
=  .119  ^/  DL  for  the  minimum. 


Barr  gives  thi*  .same  values. 
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FABLE 

I. 

PUTOM- 

BOD,  d- 

-cVdl. 

Steam 
Freaiure^ 

Meu 
Conntaiit. 

Maximum 
Constant. 

Mioimum 
Constant. 

so 

.1220 

.1490 

.1000 

80 

.1372 

.1675 

.1125 

110 

.1487 

.1815 

.1219 

140 

.1579 

.1928 

.1294 

170 

.1659 

.2023 

.1359 

200 

.1726 

.2109 

.1415 

For  ateam  pressures  other  than  100  pounds,  Table  I  givea 
the  constants  for  the  variouB  pressures. 

Connecting-rod^, ^The  usual  formula  is, 

I 

b  =  C'S^\'DL = C\^DL  for  the  breadth, 

and  the  constants  obtained  give 

&=,0545v  Z>Z7for  the  mean, 
^.0693v  />L  for  the  maximum, 
=  .0443 VDL  for  the  minimum. 

The  steam  pressure  is  the  same  function  of  the  constant  as  in 
the  connecting-rod  formula. 


TABLE  II. 

Connecting-rod, 

b-cVSL. 

Steam 
Pressure. 

Mean 
Constant. 

Maximum 
Constant. 

Minimum 
Constant. 

50 

.0459 

.0583 

.0376 

80 

.0515 

.0655 

.0419 

*110 

.0558 

.0710 

.0454 

140 

.0593 

.0754 

.0483 

170 

.0623 

.0792 

.0507 

200 

.0648 

.0825 

. .0526 

tl25 

.073 

.094 

.05 

^ 


*  Barr  gives  these  values  approximately, 
t  Trooien. 
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Tabic  II  ^ves  vsdues  of  the  constants  for  rectangular  section 
only. 

The  height  of  the  rod  is  generally  considered  to  be  twice  the 
breadth,  plus  a  certain  porcentag^^  to  compensate  for  the  inertia 
of   the   rod   itself.    The   following   values   of   the   height   were 
obtained : 
^■fik  h  ^  2.73b  for  the  moan , 

^^^H  =  4,00b  for  the  maximum^ 

^^^H  =2.186  for  the  minimum, 

'     TW^ien  giveg  2.28,  3,0,  and  1,85  for  the  value  of  these  constants. 
The  mean  factor  of  safety  of  the  connecting-rod  with  Ban's 
constants  is  27;  with  Trooien^s  constants  it  is  60, 

i  Also  for  the  length  of  the  rod  we  found, 

t  * 

l=dmL  ''  cranks  "  for  the  mean, 

=3.32L  for  the  maximum^ 


r 


-2.46L 


for  the  minimum. 


Main  Journal. — For  the  prevention  of  heating,  the  length 
should  be 

i-.95(^  +  5.23)for  the  mean, 

(HP  \ 

J    +9.04  Ifor  the  maximum. 


i=.818 


(^-) 


for  the  minimum. 


LThe  ratio  of  length  to  the  diameter  was  found  to  be 
/  =  2.03(d  +  .49)  for  the  mean, 
■  =2.05(£i  + J7)  for  the  maximum, 

=  1.63if,  for  the  minimum. 

L  Barr  gives  2,2,  3.0,  and  2.0;  Trooien  gives  2 J,  2.9,  and  1,6, 

P       For  the  prevention  of  expulsion  of  lubricant,  the  bearing  ares 

should   be  sufficiently   large,   and    proportional   to   the  area  of 

piston,  or 
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The  values  found  for  the  constant  give 
cB  =  .489  A  for  the  mean, 
=  .739  A  for  the  maximum, 
=  .3675^4  for  the  minimum. 
Barr  gives  .46,  .70,  and  .37;  Trooien  gives  .48,  .78,  and  .32. 


TABLE  III. 

Main  Journal,  dl—CA. 

Steam 
Pressure. 

Mean 
Constant. 

Maximum 

Constant. 

Atmimum 
Constant. 

50 

.2445 

.3695 

.1838 

80 

.3912 

.5912 

.2940 

110 

.5379 

.8129 

.4043 

140 

.6846 

1.0346 

.5145 

170 

.8313 

1.2563 

.6248 

200 

.9780 

1.4780 

.7350 

The  constant  in  this  case  varies  directly  as  the  steam  pressure, 
and  Table  III  gives  values  for  the  constant  for  the  different 
pressunjs. 

In  all  these  engines,  the  main  shaft  has  the  same  diameter 
throughout  its  length,  and  for  strength  the  formula  b 


.=c>^. 


The  constants  found  give 


/hp" 

d=7.56  \-47-^  for  the  mean, 
=8.76^- 


P. 


.V 


=  5.98^- 


P. 


N 


for  the  maximum, 
for  the  minimum. 


Barr  gives  7.3,  8.5,  and  6.5;  Trooien  gives  6.6,  8.2,  and  5.4. 
Crank-pin. — For  value  of  the  constant,  in  the  formula, 


'   L 
which  ^ves  the  length  necessary  to  avoid  beating,  we  found, 


l=C-^  +  B, 
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H  P 
1=  .333— r^  +  2/2    for  the  mean, 

H  P 
=  All— j-^ +  3.92  for  the  maximum, 

HP 
=  .192—,—  +  .88  for  the  ramiraura. 

Barr  gives  .30,  .46,  and  .13  as  values  of  C  and  2,5"  as  the  value 
ofB. 

For  bearing  anm^  we  found,  from  (U^CS'A^CA^ 
dl  =  S2A      for  the  meBQ^ 
=  .44^1      for  the  maximum, 
=  .0693.4  for  the  minimum, 
Barr  gives  ^24,  .44^  and  ,17  as  the  valuer  of  the  constant  C- 


TABLE  IV. 

Crank- 

■PIN, 

dl~CA. 

Mean 

Cunetant. 

Maximum 
Constant. 

Minim  tun 
Constant. 

.110 

.220 

.0347 

.176 

.352 

.0554 

.242 

.484 

.0762 

.308 

.616 

.0970 

.374 

.748 

.1178 

.440 

.880 

.1386 

Steam* 
Pressure. 

50 

80 
110 
140 
170 
200 

As  a  check  the  ratio  of  length  to  diameter  was  found  and  is 

l^d        for  the  mean, 

i  =  1.22d  for  the  maximum, 

1=  .9d    for  the  minimum, 

Trooien  gives  .87,  L25,  and  ,66  as  the  constants. 

In  center-crank  engines,  assuming  that  the  distance  from 
center  to  center  of  main  i>earings  i8  4. 2d,  Trooien  finds,  in  calcu- 
lating d  for  strength,  the  following  constants  in  the  formula , 

d  =  CD, 

C=AO  mean  value, 
=  .526  maximum  value, 
= ,  28    mi  ni  m  um  value, 


562        THE  BTEAM-ENGIXB  AA'D   OTHEU  HEAT-MOTOBS, 
Cross-head  Pin, — For  the  bearing  area  the  formula  18 
dl=C'SA  =  CA, 
ami  the  values  of  the  constant  found  give 

di  =  A045A  for  the  mean^ 
=  ,34fj.4    for  the  maximum, 
^  .(K>64/1  for  the  minimum. 


TABLE  V 

CKQfiS^flVAfl 

Pl!t, 

<a~CA. 

Maximum 

.0523 

.1730 

.0836 

.2768 

.1150 

.3806 

,Uii3 

.4844 

.1777 

.5882 

.2090 

.6920 

.08 

.11 

.10 

.15 

Minim  um 
Coiifilant. 

.033^ 
.0531 
,0730 
.0930 
.1129 
.1328 

.06 

.037 


8leain 

Prasaure. 

50 

80 

110 

140 

170 

200 
Barr 

100 
Trooien 

125 

The  ratio  of  length  to  diameter  was  found  to  be 

/  =  1.335d  for  the  mean, 
=  2d        for  the  maximum, 
=  1.07d    for  the  minimum. 

Trooien  ^ves  1.25,  1.5,  and  1.0. 
Barr  gives  1.25,  2.0,  and  1.0. 

Cross-head  Shoes. — For  the  bearing  area  of  the  cross-bead 
shoes,  the  constants  found  give,  in  the  equation, 

Area  =  C'5yl  =  C^, 

Area  =  .61 1  (A  +  25)    for  the  mean, 

=  .698(^  +  123)  for  the  ma.ximum, 
=  .46  (.4-2)      for  tlie  minimum. 


tk 


A 
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TABLE  VI. 

Cnoas-HEAD  Shoes,  Area~CA, 

8t«ini 

Mean                      Maximum 

Uinimum 

Freasura. 

Conetitnt.                   CoiiBtant. 

Conatant, 

50 

.3055                     .3490 

.230 

80 

.4888                    .5584 

.368 

110 

.6721                    .7678 

.506 

140 

.8554                    .9772 

.644 

170 

1.0387                  1.1866 

.782 

200 

1.2220                  1.3960 

.920 

iiarr 

100 

.63                      1,60 

.45 

Trooien 

125 

.53                         .72 

.37 

For  the  maximum  pressure  per  square  inch  of  shoe^  Barr  gives 

27     for  the  mean, 
38     for  the  maximum, 
10.5  for  the  minimum, 


Trooien  gives 


39.5  for  the  mean^ 

57     for  the  maximum, 

28     for  the  minimum. 


Cylifider  Dimensions, — The  ratio  of  length  of  stroke  to  diam- 
eter of  cylinder  in  en^nes  tmving  a  speed  greater  than  200  revo- 
lutions per  minute, 

L^CD. 
C^1.07  mean, 
=  1,55  nmxiiimm, 
=  ,82  minimum, 
Clearance  volume  varies  from  5  to  11  per  cent. 

The  thickness  of  the  cylinder  cover  at  the  <^nter  varies  con- 
siderably, but  may  be  taken  at  275  times  the  thickne-ss  of  cylin- 
der walls.  The  thickness  of  the  flanges  for  holding  cylinder 
covei's  may  be  taken  at  1.12  times  the  thickness  of  the  cylinder 
walls.  For  number  and  size  of  bolts,  see  Slow-speed  Engine  Design. 
Pisian  and  Piston  Speed. — For  obtaining  the  dimensions  of 
the  face  of  niston  there  is  no  rational  formula  applicable,  but 


an   empirical    formula   was   eonstructe<l :    the    ratio 
diameter  being  found  thus  for  horizontal  engiiies, 

Face  ==  .43750  for  the  mean, 

=  .65/)      for  the  maximum, 
=  »299D    for  the  minimum. 

Trooicn  gives  ,40,  .47,  and  .30  as  the  constants. 

For  ascertaining  the  piston  spvetl  a  curve  waa  plotted  with 
revolutions  per  minute  as  one  co-ordinate,  and  length  of  stmke 

as  the  other.  The  resulting  mean  curve  is  an  equilateral  hyper- 
bola showing  that  for  thi.s  class  of  engines  the  piston  speed  tfr 
constant,  and  is  600  feet  per  minute. 

^ft  Trooien  gives 

^^^H  600  =  mean  speed , 

^^^H  900  =  maximum  speedy 

^^^H  320  =  minimum  speed. 

^m  Steam  Ports  and  Pipes. — In  designing  ports  it  is  customary  to 

^^      consider  the  velocity  of  steam  through  the  passage  as  equal  lo 
I  the  ratio  of  the  area  of  the  piston  to  the  area  of  the  passage, 

multiplied  by  the  piston  speed.  Since  the  pistc>n  speetl  h  quite 
constant,  about  600  feet  per  minute,  the  area  of  these  passages 
is  proportional  to  the  area  of  the  piston.  For  the  steam  ports 
the  relation  is 

Area  of  steam  ports  =  .0936^4  for  the  mean, 

=  .136i4    for  the  maximum, 
=  .0544^4  for  the  minimum. 

Barr  gives  for  the  velocity  of  steam  through  steam  ports, 
5500  mean, 
6500  maximum, 
4500  minimum. 
Area  steam  ports  =  AlA  mean, 

^,13.4  maximum, 
^  .09.4  minimum. 
For  the  steam-pipes, 

Diam.  of  pipe=^ .452/) -1,42  for  the  fuwi 
=  .54I>  -1,02  for  Lhu^ 
=  .382D-L07fQi 
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^      Barr  gives  for  the  velocity  of  steam  through  pii>e3, 

6500  mean  J 
^^^^^^  7000  maximum, 

^^^^^^1  5800  minimum. 

^^^^^^1  Diam,  of  pipe^^^  .30i>  mean, 

^^^^^H  =^  Jj2/>  maximum 

^^F^^^  =  ,2^D  minimum. 

^^     For  the  exhaust-pipe, 

^^^^  Diam,  of  pipe  =  *503Z)— 1,4  for  the  mean, 

^^^H  =  ,bD  for  the  maximum, 

^^^H  ^.5D     —2.24  for  the  minimum* 

Barr  gives  for  the  velocity  of  steam  through  exhaust  pipes^ 
4400  mean, 
5500  raaxjmumj 
2500  minimunL 
Diam,  of  exhaust  pipe  =  .37/>  mean, 

^  .50D  maximum, 
=  .33/)  minimum. 

Belting. — The  relation  between  the  square  feet  of  belting  per 
hour  and  horse-power  transmitted  was  found  to  be 

Square  feet  belting  per  hour^20(X){Pl.P.  -h50)  for  the  mean^ 

-=2000(H.Rh-95)  for  the  maximum, 
=  2000(H.R-50)  for  the  minimum, 

Barr  gives 

Square  feet  belting  per  minute ^55  H.R  mean, 

=  70  H.P.  maximum, 
=  40  H.P.  minimum, 

Fly-wfieeL— For  governing,  Professor  Thurston  in  his  '^Manual 

the  Steam  Engine,*'  shows  that  the  weight  of  the  rim  of  Sy-wheel 

ILP, 
■al  to  lyjm*  where  Di  is  the  diameter  of  wheel  ia 

onstants  found  give 
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HP 
Weight  of  rim=    833,000,000,0000-^  for  the  mean, 

HP 

= 2,780,000, WKJ, 000 ipiyl  for  the  maximum. 

H  P 
=    341,000,000,0000^  for  the  minimuin. 

Barr  pves  1200,  20{K}  and  650  billions  for  the  constaota 
Trooien  givc^   1300,  2800,  and  600  billions  tor  the  constanta 
for  engines  up  to   175  H,P.      For  large  engines,  however,  the 


fcinnulalF=Cx 


HP. 


Dl^^^ 


+  B  seems  betl4.T* 


B-1000, 
C-72O,O0O.0OO,0OO  mean, 

^l,140mK).t}00,000  maximum, 

^    330.0tM3, 000,000  minimum. 

The  relation  between  the  length  of  stroke  and  the  diameter  irf 
the  fly 'Wheel  is  given  by  Di^CL. 

C— 4.4  mean. 
=  5.0  maximum, 
=3.4  minimum. 

For  the  linear  velocity  of  the  peripher>%  we  averaged  the 
velocities  of  each  maker,  and  then  took  a  total  average.  Thb 
aNTrage  gave  4232  feet  per  minute,  and  varies  from  5730  to 
3060  feet  per  minute. 

Reciprocating   Parts. — ^The   wdght    of   reciprocating   psiTts   is 

IP 
proportional  to  j-y^,  and  the  constants  give 

Weight  of  parts =l,S5O,00O^y2, 

the  mean  curN'e  being  an  equilateral  hyperbcJa. 
Trooien  gives 

3.afl0j 
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In  cases,  where  obtainable,  the  balance  weight  opposite  the* 
crank-pin  was  about  75  per  cent  of  the  weight  of  the  reciprocating 
parts. 

Weight  of  Engine, — It  being  of  possible  interest,  the  relation 
between  the  total  weight  of  engine  and  rated  horse-power  was 
found,  and  is 

Weight  of  engine  =  117(H.P.- 7). 

For  belt-connected  high-speed  engines  Trooien  ^ves  for  C  in 
formula  TF=C?xH.P., 

C=  82  mean, 
=  120  maximum 
=  52  minimum. 

For  direct-connected  engines  the  weight  of  the  engine  without 
the  generator  was  10  to  25  per  cent  greater  than  the  weight  of 
belt-connected  engines  of  the  same  capacity. 
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F 

^ 

P 

AFPENDIK. 

■ 

n 

1 

■ 

t 

n. 

m 

PBI 

mTEHBOUC  OR  NAPEHTA^ 

'  LOnARITHMS. 

J 

1.00 

hag. 

N, 

Loff. 

N. 

Loe. 

N, 

Urn. 

N, 

Loc 

0  0000 

2.30 

0  8329  ' 

3.60 

1.2809 

4,90 

L.5892 

6,40 

1,8563 

i.o.'i 

omm 

2.35 

0.8544 

3.65 

1.2947 

4.95 

1;5994 

6.50 

1.871S 

1   U) 

0.0953 

2.40 

0.8755 

|3.70 

1.3083 

5  00 

1,6094 

6  60 

I, mi  M 
i,Q(m  ■ 

1  9lf'.^    ■ 

I    15 

0,1398 

^2.45 

0.8961 

3.75 

1.3218 

5.05 

1.6194 

6.70 

1   LIO 

0.1823 

2.50 

0.9163 

3,80 

1,3350 

5  10 

1.6292 

6  80 

1,26 

0,2231 

2,55 

0,9361 

3.85 

1  3481 

5  15 

1.6390 

6.90 

1.9315 

l.liO 

0.2624 

2.60 

0.9555 

3.90 

1.3610  1 

5  20 

1.6487 

7.00 

1,915& 

1/Sty 

0.3001 

2  6.5 

0.9746 

3.95 

1.3737 

5  25 

1,6582 

7  20 

1,9741 

1 .  40 

0.3365 

2.70 

0.9933 

4.00 

1.3863 

5.30 

1.6677 

7.40 

2,0011 

1,45 

0.3716 

2,75 

1.0116 

4  05 

1.3987 

5.35 

1,6771 

1  7.60 

2  0"^1 

1.50 

0.4055 

2.F0 

1.0296 

4.10 

1.4U0 

5.40 

1.6864 

7. SO 

2.0511 

1,55 

0,4383 

2.H5 

1.0473 

4.15 

1.4231 

5  45 

1,6956 

s.oo' 

2  0794  M 

1   tiO 

0.4700 

2  WJ 

1.0(S47 

4.20 

1.4351 

5. .50 

1.7047 

8,25 

2,ii(dB 

1,6S 

0.5008 

2.95 

I.08i8 

4.25 

1.4469 

5.55 

1,7138 

8..5CJ 

2.14U1B 

1.70 

0^.5306 

li.m 

1.09S6 

4.30 

1 ,45S6 

5.00 

1,7228 

8  75 

2. 1691 M 

1.75 

o.mm 

3.05 

1.1154 

4,35 

1.4701 

5,65 

1,7317 

9.00| 

2. mi" 

l.SO 

0.5871^ 

3,10 

1.1314 

4.40 

J. 4816 

5.70 

1.7405 

9  25 

2  2246 

1.85 

0.6152 

3,15 

1.1474 

4.45 

1.4929 

5.75 

1.7492 

9.5CJ 

2.2513  _ 

1,90 

0.6419 

3.20 

1.1G32 

4.50 

1.5041 

5.80 

1,7579 

9  75 

2.2773  fl 
2,302«lt 

1.95 

0.667S 

3.26 

1.1787 

4,55 

1.5151 

5.85 

1.7664 

10.00 

2.00 

0.6931 

3,30 

1 , 1939 

4.60 

K52<31 

5.90 

1,7750 

U   00 

2.397S 

2MB 

0.7178  1 

3.35 

1.209(J 

4.65 

1.5:j69 

6,95 

1.7834  ! 

12.00 

2  4849 

n.m 

0  7419 

3  40 

1.2238 

4.70 

1.5476 

6  00 

1,7918 

13  00 

2  5649 

2.15 

0.7655 

3.45 

1.2384 

4.75 

1 , 5.^1 

6  10 

1,8083 

14  00 

2.8391 

2,20 

0.7885 

3,50 

1.2528 

4.80 

1   5686 

G.20 

1.8245 

15.00 

2  7081 

2  2.^ 

0.8109 

3.55 

1.2669 

4.86 

1.5790 

6  30 

1.8405 

16. OC 

2  7726 

III. 

HEATING  VALUES  OF  VARIOUS  SUBSTANCES. 
The  following  table  gives  the  heating  values  of  different  pure  fuels  as  deter- 
mined by  burning  them  in  oxygen  in  &  lalorimetor. 


Acetyhnc,  CM^  to  CO.  and  H,0  . 

Alcohol f  methyl  or  woofl^  CH^O.  -  . 

' '      ethyl  or  sugar,  CjH^,iJ.  .  . . 

Benzole  gas,  C^H^^to  COj  and  H,0. 

Benzene.  _..*,,,..,..,,♦......, 

Carbon  (wood  charcoal)  to  COt*     • 

Carbon  to  00 

CO  to  CO,  per  unit  of  CO 

€0  to  CO,  per  unit  of  C. 

Ethylene  (Olefiant  gas),  CjH^  to 

COi ^ 

■GaSf  illutoinating 

Hydrogen  gas  to  HiO,  ,...., 

Methane  (Marsh  gas),  CH^  to  CO, 

and  HaO.  ,.. 

Naphthalene 

Sulphur  to  SOa 


Heat^ 

imiU. 

Afithortt?. 

Cent. 

Falir, 

10.109 

18,195 

Thomson 

5,307 

9,5.58 

Favre  and  Silberman 

7,i8:i 

12,933 

i  •                 *■*                     *t 

/  10,102 
\    0,915 

18,184 

Thorn  sen 

17,847 

Favj^  and  Silberman 

9,977 

17,862 

Stohman 

i    8,080 

14,544 

Fav-re  and  Stlbermau 

{   8.137 

14,f>47 

Berthelot 

2473 

4451 

Favre  and  Silbermao 

r    2,403 
\    2,38fj 

4.323 

11                 I (                    *  i 

4,293 

Thorn  fw?n 

S.G07 

10,093 

Favre  and  Stlbemian 

11,858 
\  11,957 

21,344 

i  I        *t          1  i 

21 ,52;i 

rhomseB 

5,400 

9,720 

Varfoua 

34,462 

62,032 

Favre  and  Silbermaa 

34342 

61316 

Tbomwn 

13,120 

23.616 

..^^^ 

13,0fi3 

23,513 

^  a\^  and  ^^U^^H 

9jrx> 

17J60 

Various     jAi   jQI 

2,250 

4,0-50 

N.  W.  UMM 

^^^^^^^^^^H^            APPENDIX,                  ^^^^                       ^^^ 

^^^^^^^^                                                                                          ^H 

OXYGEN  AND  AIR  REQIHRED,  THEORETICALLY,  FOE  THE  COM-      ^^B 

BUSTION  OF  VARIOUS  SUBSTANCES                                           ■ 

Pure  dry  air  la  a  mixtuie  made  up  of  20,91  parte  of  O  and  79.09  parts  of  N             ^M 

by  volmne  (viz,|  in  the  ratio  of  one  part  of  0  to  3.7S2  parts  of  N),  or  23  J  5  parts              ^M 

of  O  and  7^S5  parts  of  N  by  weight  (vh.»  in  the  ratio  of  1  part  of  0  to  3.32        ^^| 

parts  of  N}. 

^1 

Lb«.  of 

O  per  lb 

Fuel 

Ll^.ofN    Air  per  lb,   g"*!^'"?                 H 
P<Br  1C>.                    ^^1 

Carbon  to  CO, CH^20-CO, 

2§ 

8.85 

11.52 

12  52 

^^H 

Carbon  to  CO; C  +  O  -CO 

H 

4  43 

5.76 

6  76      ^^m 

Carbon  monoxide  to  COj.  .CO+0  =  CX)a 

f 

1.90 

2.47 

^^M 

Alcohol C^H,O  +  60  =  2CO,  +  3H,a 

e.93 

8.94 

^^M 

Acetylene UjH3+50  =  2CO3+HiO 

L      Ethylene,  ....  XsH,+60-2COi+2H50 
Hydrc^en' 2H  +  0  -H;0 

^ 

9.99 

13  00 

14  00         ^^H 

10  1 

13.14 

14.14          ^^B 

8 

26.56 

34  56 

35.56                ■ 

Met  Lane XH^+iO-CC+H^ 

4 

13.28 

17  28 

18.23                ■ 

Sulphur .S  +  20-S0, 

1 

3.32 

4  32 

5  32                ■ 

1                i 

^^                                RELATI\^  HmiTDITY,  PER  CENT,                                      ^^| 

]JilT^'i>'a<H'  ku-iu'4>rii  iL«  Dry  mad  Wet  TkBrtnamBteni.  DegTHq  F.                                       ^H 

1 

2 

3 

4 

a 

e 

7 

B 

9 

ic 

U 

12 

is!  14 

15 

IS  t 

7  lg|l9 

20 

21 

22 

23 

24 

ae 

2S  30             H 

^^M 

P" 

lUliitivfi  Humidity,  SaturiLtiuii  being  100,     (Bftrcim«t«r - 30  ixm)                                      ^| 

32 

89 

79 

m 

50 

49  39 

30 

JO 

11 

2 

1 

40 

92 

<i 

75 

68 

60  52 

45 

37 

29 

23 

15 

7 

0 

w 

50 

93 

-^7 

m 

74 

67!  61 

55 

4ti 

43 

:i^ 

32 

27 

21 

16 

U 

5 

0 

■ 

60 

94 
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VI. 

WEIGHTS  OF  AIR,  VAPOR  OF  WATER,  AND  SATURATED  MIXTURES 
OF  AIR  AND  VAPOR  AT  DIFFERENT  TEMPERATURES,  UNDER 
THE  ORDINARY  ATMOSPHERIC  PRESSURE  OF  29.921  INCHES  OF 
MERCURY 
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Tlu*  weiirht  in  lbs.  of  the  va|x^r  mixeti  with  100  lbs,  of  pure  air  at  anj  given 
temperHturt*  and  pressure  is  given  by  the  formula 

62.:^  V 
29.VI2' 


E      29.92 


whf»Tv  E  =  ela<»tic  force  of  the  vapor  at  the  triven  temperature,  in  inches  of  mer- 
cury; /)  =  absolute  pressure  in  inches  of  mercury,  =  29.92  for  ordinary  atmo*. 
pherio  prt»sr«ure. 
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VII. 


ENTROPY  OF  WATER  AND  STEAM. 
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For  dry  iit«UTi,  exputderj   without 

5 bin  Qf  loM  of  he&t  iti  il  uon-coii- 
acting  cyliDder. 

For  damp  ^te^m^,  expaaded  T«c«jv^ 
mg  bfrat. 

For  dr^^  flteam.  t]i:piindepH!  Tr^rivtnjf 
tiM^tUmt  beiiit  lo  prevuut  Liquefiir* 
lion. 


Hulk. — To  finil  the  final  preMiire  oblamiiif  with  afi>[  ralio  of  expansion.  divi«1e  th»  hiitmt 
I»renur«  by  th«  number  oppooita  tha  tfttio  of  ejQuuofloa,  ifi  %h»  coltunn  eortttpondiELg  vith  the 
«0(iLditloti.«  of  expauaJoQ. 
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Table  XV. 

SPECIFIC  HEAT  (Cp)  OF  SUPERHEATED  STEAM  AT  CONSTANT 

PRESSURE. 


{ 

[According  to 

the  experiments  of  Knoblauch  and  Jacobs.) 

Arerace 

Average 

Sgedfio 

Average 

Average 

Specific 
Heat. 

PreMure, 

Temperature, 

Pressure. 

Temperature. 

In.  AbMlute. 

Desrees 
Fahrenheit. 

^!' 

Lbs.  per  Sq. 
In.  Absolute. 

Degrees 
Fahrenheit. 

Cp. 

28.4e6 

300 

0.478 

85.4 

366 

0.531 

370 

0.470 

424 

0.500 

465 

0.474 

500 

0.476 

475 

0.474 

584 

0.472 

566 

0.476 

661 

0.490 

655 

0.486 

113.86 

370 

0.554 

661 

0.494 

464 

0.483 

66.93 

339 

0.502 

563 

0.490 

411 

0.472 

563 

0.480 

501 

0.479 

564 

0.491 

580 

0.470 

653 

0.488 

582 

0.414 

662 

0.492 

578 

0.550 

673 

0.499 

662 

0.492 

INDEX. 


IbBolute  zero,  7 

presiiure,  corti&ct^  267 
"Abeorpiiont  refni^eration  by,  531 
Accelerateil  mot  ion >  347 1  448 
Action  af  t'lea ranee  steam,  189 
A<lhi*iilmgp  432 
Atiifl  bttt  ie  com  preKsion  ,141 

curve,  143 

expansion,    141,    ratio  of  terapera- 
turegi  in,  143 
Advance,  angle  of,  92 
AItt  and  vajior,  weights  of.  Table  VI 

composition  of,  Table  IV 

eooUn|a;  m  condensers,  282 

leaks  III  condensers,  234 

Bpecific  heat  of.  Table  I 

thermometer,  <» 
Air*piimp,  23,  269 

action  of,  276 

deaign,  218,  224,  225 

dm  282 

Edward's,  272 

efficiency,  270 

for  surface  condenser,  273,  278 

wet,  281 
Alcohol,  53 
Alden  brake^  34 
Allen  dense-air  machine,  Bdl 
Ammonia  ice-machines,  531 
Angles,  blade ^  454 
Angridar  acceleration,  348 

advance,  92 

displacement,  phase  degrees,  405 
Areas  representing  heati  147-153,  208 
Aatatic,  336 
Atmosphere,  Table  VI 
Auxiliaries,  measurement  of  steam  used 

by.  427 

Balance  wheel,  design ,  387 
Balancing  enj2:ines,  400—403 
Bam  metric  condenseri  236 
Barrel  calorimeter,  171 
Barrus  calorimeter,  173 
Baum^  hydrometer,  524 

degreea  converted  into  specific  grav- 
ity, 524 
Bearing,  details  of,  17 
Belting,  552,  564 


Belt  wheel,  desim,  386 

Bilgram  valve-oiagram,  103;   geoinet- 

rical  relatbns  of,  107 
Blade  anelcs,  ^eam-turbme%  45^ 
Boiler  eftciency,  35 

feed-pump,  13,  285,  287,  289 

horse-power,  36 
Boiling  and  evaporation^  128 

in  vacuo,  534 
Boiling-points  of  water,  Table  VIII 
Bolts,  number  and  size,  553 
Boulvin's    tempeiature-entropy    dia* 

gram,  221 
Boyle's  law,  137 

Brake  horse-power,  definition  of,  32 
BrakcH^  friction,  32 
Bridge,  thickness  of,  1 13 
British  thermal  unit,  definition  of,  6 
Buckeye  valve-gear,  364 

Cp.  Cu,  for  perfect  gaae®.  Table  I 
Calibration  of  j^agee,  386,  427 

indicator-springs,  74-76,  502 

thermometers,  8,  419 
Calorific  power  of  gases,  476 
Calorimeter: 

Barrus  continuous  water,  173 

Carpenter,  172 

Junker,  .506 

Mahler,  506 

DormaJ  reading  of,  175,  178 

Fealxidy,  173 

separator,  173 

throttling,  173 

water  equivalent  of,  176 
Carbon,  air-burnt,  488 

steam-burnt,  488 
Camot  cycle,  154,  228 
Centrifugal  force,  329;    derivation  of 

formula  for,  330 
Cburles'  law,  137 
Circulalmg  pump,  25,  2HH,  290 
CircnSatlon  of  water  in  the  boiler,  181 
Clearance,  definitiou,  72 

line,  72 

steam,  elimination  of,  §4 

surface,  186 

surface,  effect  of,  188 

volume,  72,  4  l(i 
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Cbal,  heating  vaUj©  of,  35 
m  gtfcB-produc5erBt  yse  of,  490 

p«if  botn6-powpr-)ioiir,  measure wient 
of,  'Sit 

atikutiixni,  thwmt*  value  of,  36,  417 
Goal-gn^T  analysb  of,  486 

heaiiiLi;  vuJut*  ot,  489,  4\M) 
O&l until ,  Miprfury^.  28 
DDcffjrir^i^t,  heat  tr«n0misMdo&,  256, 257, 

CorabiMtoii^  iw*4it  nf,  tJ6,  485 
of  t^iul,  ntte  oft  K47 

Oom t»o  und  r ligiii  i?b  : 

dimbiiiLDff  c'itrtis  t)f»  li\7 

diaijjaia  fiictor  uf,  ^122 

dii^ribution  of  work  in,  11 08.  311  ^  316 

method  of  byiog  out  I  he  t'urda  for, 
304,  :ill 

mtio  of  expaimion  in^  306,  *^1^) 

lecoTd^  made  by,  304 

hUe  of,  to  finil^  315 

theory  of,  307 
Compound  quaniKie^*  %  4 
Compr&mt^d^ak    formulae,    thoorctie^ul 

and  pHK^ticfii,  IV2 
Coniprt-'^bii,  niid   vifmnftbu    of   a[r, 
142 

of  «t«tHm,  188 

work  thyiw  ihmti^,  142 
ContMjn t  nxikm  o f  fn uc- j iiiti? ,  527 
CbndeDantioD  m  &tcam -engines,        158 

pipes,  182,  im 
Condensation  ut  txinelant  volume,  219 

inltkl,  326 
Gondenj^eri!: 

iMnimetrif,  236 

f^ndeiiFrbg  surf  nee  in,  241 

coireci  jiPessiuie  in,  267 

design  of^  235 

dinien^nt*  of,  234 

eje^OT,  238 

ineieasing  surface  efficiency  of,  262 

jet,  238 

pressure  in,  28 

suifaee,  23,  239 

syphon,  238 

tTansmissioii  of  hent  in,  243 

tubes,  of  241 
Condensing,  guln  by,  207 

water,  2fi5 
Condensing  water,  coolers  for,  26S 

use  of,  2:J3 
Conueoting-rod;  draiBfi,  546,  558  j 
division  of  nme^  for  turning  m«^ 
ment,  401;  division  of  mass  for 
shaking  forces,  401 ;  effects  causer* 
by  the  obliquity  of,  88 
Constant  heat  curx-e,  224 

temperature  curve,  213 


C«n«tant  volume,  condensation  at,  l^  I 

curve,  219,  220 
Const  (in  Is  (B)  for  perfeet  gase?,  Tablet  j 

Cbiitniflo  condenjserf  260 
C*^olliig-lower,  265 

effert  of  ehange  of  seaaon  oa  opet»^ 
tion  of,  267 
Cork  Ltisulation,  183 
Corliss  engines,  18,  360,  368 
( Vnintrrliit lancing  enginia*,  400,  iO'I 
C  Vi  V  e  ri  ngs  for  steam -p ipe,  1 83 
Cnmk'pifi,  design^  548,  560 
(*mnk-ahah,  tuniing  effort  in,  382,  i 
(^raukn,  combination  of,  405  ^ 

throw  of,  85 

twisting  moment  in,  382 
fVitical  temjjerjiture,  152 
(*m»B  eonip>und  engine®,  311-v5l4 
Cmi*&-head  pin,  design,  550,  562 

fthocs,  5135 
CTOWwd  ncnia,  definiibn,  358 
Cro»8'^«eetbn   paper,   loganthmiei  Vm 

of,  144 
Curve*: 

adialmtic,  141 

euniitant  heat,  219 

eonetant  volume,  221 

ffeneral  ex]^;mairju,  139,  143 

hyperbolic,  83,  139 

iaolhermal.  78 

siitu rated  steam,  78,  21 S 

»iif>erhea|ed  ataam^  441 

water-line^  210 
Cut-off,  actual,  65 

eoiiimercial,  65 

real  or  actual.  65 
C^ynle,  Beau  de  Rochas,  4S1 

Camot,  154>  228 

Diesel,  497 

Lenoir,  481 

Uankine,  228 
Cylinders,  details  of,  201 

dimeoBious,  562 
Cylinder  watb,  thenual  ti(?tioxi  of,  18S^ 
189 

thickness  of,  112,  553 
Cyiintier  waatu,  reducing^  435 

Degree  of  react  bn,  476 
De  Laval  turbine,  457 

I3ense-air  tnadune,  531 
Design  of,  see  part  required 
Diagram,  Bilgmm,  103 
commund  engine,  308 
crank-pb  pressure,  3^2,  40(1 
of  fiffiective  tlrivijig  pn(?e*ure,  382,  406 
ihakiiig  forces,  404 
ineut,  382 

4XHiipoimd  engi  e% 
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Dimensione  of  Bteam  port  a  and  pipes, 

1  UK  4:i4,  502,  aai,  564 

Diet ilhu ion,  J17 

D]vii«ir>i)  of  mass  of  ronnectiii^-nLKl  for 
pill  jiressiires,  401 ;  j*bn  kijig-f orces^ 
401 ;  tummg-niotneni*  401 

Lloubl«  |iop}>et-valves,  SIX,  451 

Dryness  of  steam  ^  methoda  of  deter- 
tniniugt  171 

Dry*»»*?i*iii  fraction,  193 

Eccentric,  throw  of,  85,  89 

equlvalentf  3G0 

rod,  87,  :i57 
Eccentridty,  85 
Economi/^r,  13 
Economy  i.if  vacuum  production,  264 

»tk>  of,  of  an  en^e  to  ideal  engine, 
229 
Effectfi,  multiple  and  E^aiglet  517 
EfficienrieH^  combinmg,  40 

definition  of,  35 

ga&-engine,  50S 

maxinnim,  of  jetfi,  456 

niechanif'al,  35 
Efficiency,  of  injectors,  297 

of  fiteam -engines,  267 

thermal  42,  263 
Eieetor  C4>ndenier,  S22 
Electrical  imits,  32 
Elementary  quantities,  1,  2,  131 
Ellipse,  valve,  1 14 
Energy,  definitbn  of,  3 

fiirmfl  of,  4 

kinetic,  3.  331 

potent  ia  J.  126 

eiiuK^i*  uf,  14 

Iransfommtion  of,  4,  126,  378,  4,% 

ratio   of  economy  of,   to  an   ideal 
engine,  229 
Engine^!,  Bee  kind  of 

average  steam  coniumptlon  of,  37 

detailfl  of,  17-21 
Entropy,  chart,  590 

defijvuion  of,  207 

derived  frtmi  indicator-card,  225, 491 

diagram  of  a  real  engine,  229 

ta.bles,  575,  5^2 
Equivalent  J  eccentric,  360 

evatxiralion,  170 

factors  of  evapc» ration,  170 

weight  at  crank-pin  oenter,  402 
Evaporal  ion,  factor  of,  37 

rate  of,  in  boiiera,  35 
Evapuralion  and  drying,  129 
EvMt>onirtion  by  the  multiple  system, 
517 

latent  heat  of,  164 

table  of,  Table  VIII 

total  beat  of,  UM 
EvajioratoiTij  517 
Ejtliau  St -porta,  width  of,  113 


Expansion,  ^iahatiCf  141 

at  con^ant  volume,  219,  220 
folIfJwinK  the  law  FV^^=C,  139 
hyperboTiCj  77 
of  watetj  163 

of  water  when  heated,  163 
proper  ratio  of  ^  325 
real  ratio  of,  72 
valve »  Meyer,  370 
External  woVk  in  adiahatie  expansion, 
142,  215 
in  isothermal  expansion,  79,  213 

Factors  of  evaporation,  170 
Feed-pump,  73,  285,  287,  289 
Feed-water  heaters,  248 

choice  of  ^  250 

closed,  251 

heating  surface  of,  256,  257 
I       open,  251 

liercentage  of  ^in  in,  253 

versus  econonuzers,  254 

measuring,  427 
FUuiges,  553 
Flow  of  air,  in  pipes,  1 17 

thrfjugh  orificcH,  447 
Flow  of  steam  through  pipes,  117 
Fly-wheels: 

accurate  weight  of,  407,  555,  565 

approximate  weight  of,  3S4 
Foiiming,  cause  and  prevention,  ISI 

definition  of,  180 
Force,  centrifugal^  3'iO 

exerted  by  a  deflected  Mieam,  449 

moment  of.  2 

required  to  produce  acceleration,  347 
Foim,  steam-eiigine  tests,  537 
Formula  for: 

adiabatic  exp&nmn,  141 

Barrus  caktnmeter,  173 

calorimeter  correction,  175,  178 

Carjjenter  ciUorimeter,  172 

centrifugal  force,  ri30 

energy  of  Tecipr«>cating  parts,  379- 
381 

fly-wheels,  3S5,  41)7 

heat  to  produce  wet  steam,  169 

I*  H.  P.  of  an  engine,  31 

impulse  titjm  ji*tB,  44y,  453,  456 

Peabody  cabrinieler.  177 

perfect  ga«es,  135,  142,  148,  153 

revi>lving  pendulum  governor,  332 

Rites  gpvemor,  349,  386 

shaft  goveniora,  *i41 

steam  velocity  bi  uozkI^,  216 

superheated  steam,  437 

the  tot  id  heat  of  cvh  jjoratbn,  165 

turning  force  and  moment,  2 

weight  of  Mteatn  aceountetl  for  by 
the  indicator,  193  i 

Friction  brakes,  32,  34 
Friction  of  elbows,  vah'ect,  pd* 
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*        *     ab|pnvilyof,871 

fHiii>iinn  liHimw,  ifll 
Goveraon: 

details  of,  19 

fly-baU,  332 

friction,  338 

HartneU,  power  of,  339 

Practical  forms  of,  334 
'roeU,  335 
Rites  inertia,  348,  386 
sensitiveness  of,  334 
shaft,  343 
throttling,  328 
weighted,  332 
Grate  area,  to  find,  37 
Green's  fuel  economizer,  13 

Hamilton-Holzwarth  turbine,  480 
Heat  balance  of  gas-engines^  484,  508 

consumption  in  a  gas-engme,  505 

consumption     in     a     steam-engine 
plant,  36,  41 

curve  of  constant .  224 

effect  on  soliiis,  liquids,  gases,  130 

expansion  by,  131 

gniphical  illustration  of  expenditure 
of,  43 

interchanges,  196 

internal  work,  132 

latent,  of  evaix>ration,  132 

mechanical  equivalent  of,  9 

of  combustion,  35,  486,  490 

of  the  liquid,  162 


'Heat  reprej5ented  by  areas,  148-153 

required  at  injeltlng^poUit^f  TaWe  I 

required  tc*  produce  steam,  16S 
,     specific,  132,  134 
)    Btomtgt  127 
'     Uit&l  in  steum,  132,  164 

transmiAsiQT)  of,  in  boUer^t  242,  24$ 

in  condeuBer^,  242 :  m  cylmd'efn^  303  |l 
in  feed-water  heaters,  298;  in  md- 
I         tiple  effects,  520 ;  in  vacuum*r«m», 
1         522 

^Betiters.  feed-water,  248,  256,  298 
'Heating  surface  of  bailers,  definitbii4 
of,  n 

valuer  of  various  substance  572 
HKit-units,  132 
Helical  sprinj^,  348 
Him '&  analysis,  194 
Horse-power^  boiler,  36 

to  giuppty  electric  larop»»  39 
JHorse-power,  definition,  31 

brake,  32 

eqtiivalenta  of,  32 

hour,  35 

indicated,  31,  42 

of  steam -enginea,  31,  42 
tHot     water,     transmission     of 
through  pipe*3  curryiJig,  184 
Bo  I' well  definilbn  of,  23 
Hougbtfllitig  reducing  motion,  54 

liumuiiu,  relative.  Table  V  

Hyperbola,  equation  of,  68,  W 

ooDfltniction  of,  68,  09 
Hyperbolic  logarithms.  Table  11 

Ice,  specific  heat  of,  160 

latent  heat  of,  160 

making  machines,  510 

making,  units  of,  484 
Ideal  engines,  ratio  of  economy  to^ 

229 
Impact  of  bodies,  295 
Indicated  horse-power,  31,  42, 73  • 
Indicator-diagrams : 

analysis  of,  192 

area  of,  79 

converting,   into  entropy  diagram^ 
225,  491 

correction  of,  for  clearance,  82;  for 
energy  of  reciprocating  parta,  381 

of  gas-engines,  492;  converted  into 
entropy  diagrams,  225 

pendulum  rig  for  taking,  59 

reducing  motions  for,  59 

water  consumption  shown  by,  191 
Indicators,  see  Calibration,  46 

Crosby,  46 

Tabor,  52 
Indicator-springs,  testing,  74-76 
Inertia  governors,  theory  of,  349,  OOO 
Inertia  of  indicator  pistons,  66 
Initial  condenaftliOD,  186,  302,  326 
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Initial  amount  of  superheat  required 

to  prevent,  437 
Injection  water,  235,  241 
Injectors,  theor^  of,  292 

method  of  usmg,  296 
Interchange  of  heat  in  cylinders,  196, 

198,  ^3 
Internal  enerK^^  164 
Isochronous,  337 
Isothermal  expansion,  68,  69,  77 

work  done  during,  79 

Jacket  steam,  198,  303 

water,  426 
Jet  condenser,  26,  233 

impulse  due  to,  450 
Joules'  equivalent,  9 
Joiunal,  main,  design,  547,  559 

Kinetic  energy,  3,  131,  164,  330 

Lap  and  lead  of  valves,  89,  HI 
Latent  heat : 

of  evaporation,  103,  Table  VIII 

of  fusion,  120,  Table  I 
Leakage  of  air,  234 ;  gas  and  oil,  tests 
for,  502 

of  steam,  tests  for,  414,  421 

of  water,  tests  for,  421,  427 
Lenoir  cycle,  481 
Link  arc,  353,  360 
Links,  352 
Liquids,  expansion  of,  131,  132 

heat  of,  162 

molecular  movement  in,  127 

vaporizing,  130 

weight    and    specific    gravity    of, 
'fiiblel 
Locomotives,  568 

Logarithms,  converting  hyperbolic  to 
conunon,  494 

hyperbolic,  Table  II 
Marine  engines: 

air-pump  for,  274 

circulating  pump  for,  290 

diagram  factors  for,  325 

link  for,  354 

ratio  of  expansion  in,  325 
Masb  of  connect  in  g-md,  dixiaion  of,  to 
find  effective  and  shaking  forces, 
377,  401 
Maximum  efficiency  of  jet  action,  426 
Measuring  clearance,  417 

engines,  416 

revolutions,  430 
Mechanical  equivalent  of  heat,  9 
Melting-point  of  solids,  290 
Metals,  specific  gra\ity,  of  Table  I 
Meyer  vulve-gear,  370 
Mid-position  of  valve,  92 
Moisture  in  steam,  169 
Molecular  motion,  128 


Moment  of  a  force,  294 

of  inertia,  400 
Momentum,  294 
Multiple  distillation,  517 
Multiple  effects,  517 

expansbn  engines,  proper  ratio  of 
expansion,  325 

Naperian  logarithms.  Table  II 

Napier's  formula,  172,  178 

Normal  reading  of  a  calorimeter,  175, 
178 

Nozzles,  flow  in,  444,  446 
in  calorimeters,  170 ' 
in  steam-turbines,  457,  464 
velocity  of  steam  in,  216 

Open  rods,  definition,  358 
Orifices,  flow  of  steam  from,  172,  178 
flow  of  water  from,  416 
thermal    effects   on    steam    flowing 
through,  216,  224,  446 
Oxygen     required     for     combustion, 
Table  IV 

Parabolic  governor,  338 
Parsons'  steam-turbine,  466 
Peabody  calorimeter,  173 
Pendulum,  or  conoidal  governor,  332 
Perfect  gases,  definition  of,  127 

primary  laws  of,  135,  142,  145 
Phase  degrees,  373,  406 
Pin,  pressure  on  crank-,  382 
Pipes,  equivalent,  119 

exhaust,  552,  564 

flow  of  air  in,  115 

flow  of  gas  in,  116 

flow  of  steam  in,  116 

loss  of  head  in,  118 

steam-,  covering  for,  183 

steam-,  sizes  of,  for  engines,  110, 118^ 
551,  563 
Piston,  design,  562 

details  of,  20,  554 
Piston  movement,  86 
Piston-rod,  design,  545,  557 
Pole  degrees,  374 
Poppet-valves,  371 
Port,  width  of,  90,  111,  551,  563 
Port-opening,  90 
Potential  energy,  3 
Pounding  of  engines,  380 
Power  ofa  governor,  339 

of  an  electric  circuit,  32 

rate  of  work,  31 
Pressure,  bearing,  548 
Pressure  from  producer-gas,  491 

net  steam,  375 

volume  and  temperature,  relations 
in  perfect  gases,  147 
Priming,  181 
Producer-gas,  487 
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Ppoducer-gas,  pressure  from,  491 
Proeli  governor,  335 
Properties  of  substances,  477 
Pumps: 

air,  23,  277-284 

average  steam  consumption  of,  37 

boiler-feed,  13,  285 

capacity  of,  289 

cards  from,  283,  286 

centrifugal,  290 

circulating,  25,  288 

displacement  of  in  gallons,  289 

efficiency  of,  285 

piston  speed  of,  289 

sizes  of,  289 

speed  of  water  through,  288 
Purifiers,  254 
Pyrometer,  see  Calibration,  419 

Quality  of  steam,  166,  177,  180 

R,  for  perfect  gases.  Table  I 
Radiation  in  steam-calorimeters,  175 
Rankine  cycle,  228,  229 
Rankine's  formula  for  flow  of  steam. 

178 
Rates,  30 
Ratio  of  expansion,  72,  321 

proper,    in    multiple-expansion    en- 
gines, 325 
Reaction,  degree  of,  476 
Receivers,  definition  of,  16 
design  of,  298,  325 
effect  of,  325,  326 
reheating  in,  298 
size  of,  326 
Reciprocating  parts,  375 

concentrated  at  crank-pin,  377 
Recompression,  189 
Reducing  motion,  59 
Reducing-wheels,  54 
Re-evaporation,  187 
Refrigerating-machines,  530 
Allen  dense-air,  530 
ammonia  absorption,  530 
ammonia  compression,  532 
entropy  diagram  of,  535 
ice-melting  cai)acity,  537 
Jic^^nault's  formula,  IGG 
KeheatorH,  297 
itc'V(ilution8,  measuring,  420 

Saddlo-pin,  {)08ition  of.  358 
Saturated  steam,  dry,  definition  of,  16(> 

expansion  curve  of,  213 

line.  213 

pressures.  Tables  VTII  to  XIII 

wet.  definition  of,  160 
Scavenging,  482 
Sensitiveness  of  a  governor,  334 
Sei>arator  calorimeter,  173 


Separators,  13,  297 
Shaft-governor,  341 
Shaking  forces,  404 
Simple  engine,  diagram  factor,  81 
Slide-valve: 
balanced,  351 
diagrams,  93,  101 
lap  and  lead  of,  88 
Solids,  melting-point  of,  160 

properties  of.  Table  I 
Specific  gravitv: 
of  gases.  Table  I 
of  liquids.  Table  I 
of  solids.  Table  1 
Specific  heat,  definition  of,  132 
of  gases,  132,  134,  571 
of  liquids,  132 
of  solids,  132 

of  superheated  steam,  589 
Speed,  measuring,  430 
Springs,  calibration  of,  76 

for  governors,  348 
Standard  boiler,  41 

efficiency,  41 
Standard  coal,  41 

Standard  fonn  for  testing  gas-engines 

512,  see  Tests  ' 

rules    for    testing    gas-engines,    see 

lests;    for  testing  steam-engines, 

see  Tests;    for  testing  rules,  see 

Tests 

steam-boiler,  41 

Standards  of  efficiency  and  ecnoomy. 

Starting  and  stopping  tests,  424 
Steam,  accounted  for  by  indicator,  191 

actual  consumption  of,  37,  201 

condensation  of,  due  to  expansion 
200  ' 

condensation  of,  initial,  186,  302.  326 

dry  saturated,  169 

expansion  curves,  213 

expansive  working  of,  301 

flow,  110,  588 

in  nozzles,  216,  445 

in  orifices,  172,  178 

in  pipes,  115 

iacket,  198,  303,  305 

lead.  111 

line  at  constant  pressure,  212 

loss  of  pressure  of,  321 

moisture  in,  169 

nozzles.  447 

pijxi  covering,  18:3 

pil)es,  1  U\ 

plant,  425 

I)orts,  (H),  no 

<iuality.  stH?  Calorimeter 
separator,  13 

superheated,  see  Superheater 
table.  Table  VIII,  IX 
velocity  of,  in  nozzles,  216 
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Steam,  weight  of,  accounted  for  by 

indicatorp  191 
Steam-boiler,  economv  of,  13,  35 

heating-surface  of,  11  • 
Steam-calorimeters,  171 
Steam-engines: 

compound,  .^05 

Corliss,  366,  368 

counterbalancing,  400-403 

expansion  work  m,  68,  69,  77 

leakage  of  steam  in,  185,  414,  421 

mean  effective  pressure  in,  77,  79 

measurement  of  steam  in,  438 

mea  ure  of  duty  in,  36 

most  economical   point   of  cut-off. 
325 

proportions   of    cylinders    of,    304, 
305 

ratb  of  expansion  in,  70.  321 

steam  consumption  in,  18(> 

tests  of,  rules  fur  conducting,   see 
Tests 

using  superheated  steam,  441 
Steam-pipes,  551,  563 
Steam-ports,  551,  563 
Steam-turbines,   economy   at    various 
loads,  462 

economy  at  various  spocilR,  462 

economy  of  various  sizes,  462 

effect  of  water  in,  462 
Superheated  steam,  tlata  of  test,  43G 

efficiency  of,  ;^3,  437 

engines  using,  438 

entropy  diagram  of,  441 

in  comfwund  engines,  442 

lubricatbn  w^hen  using,  440 

regulation  of,  440 

specitic  heat  of,  170,  436 

total  heat  of,  435 

turbines,  434 
Superheater,  Foster,  432 

data  of,  438 

durability,  443 
Superheating,  intensity  required,  435 
Surface  section,  mtio,  2()5 
Streams,  measurement  of  force  due  to 
449 

turning  the  path  of,  449 
Sugar,  manufacture  of,  517 
Surface  condenser,  23 

Tandem  compound  engine,  307 
Tangential  pressure  on  crank-pin,  382 
Temperature,  absolute,  7 

definition  of,  5 

mean,  to  find,  245 

volume  and  pressure,  relations  be- 
tween, 147,  510 
Temperature-entropy    diagram,    225; 

from  indicator-card,  225,  491 
Test  of  Diesel  engine,  500 
Testing,  indicator  springs,  505 


Tests,  standard  form  for  gas-engine, 
513-537;     standard    for    steam- 
engine,  537 
standard    method   of   making   gas- 
engine,  502 ;  complete  engine  and 
bouer,  425;  steam-engine,  32,  :}6, 
54,  57,  62,  63,  70,  72,  73,  74-78, 
193,  229,  318,  321,  325,  411-,30 
Thermal  action  of  cylinder  walls,  187 
Thermal  efficiency,  definition,  42,  263 
Thermal  unit,  definition  of,  5 
Thermo<lynamic8,  definition  of,  14 
first  law  of,  8 

fundamental  equations  of,  152 
second  law  of,  9 
Thennoinetcrs,  definition  of,  5 

culibration  of,  8,  419 
Thickness  of  cylinder  walls,  1 12 

of  bridge,  113 
Thn)ttling-calorimeter,  173 
Torque.  2 
Total  heat,  in  steam,  165 

required  to  produce  saturated  steam, 
1()5;  suixirheated  steam,  437 
Turbines: 
Curtis,  4()0 
I3e  Laval,  454 
Haniilton-lloltzwarth,  480 
Parsons,  4()(> 
steam,  445 
Turning  forces,  analysis  of,  386,  406 
Twisting  moment,  2 

I'nit  of  heat,  5;  of  teniixjniture,  5;  of 
work,  2 

Vacuiun  gage,  true  meaning  of  reading, 
2(w 

pan,  517,  528 

pnuluction,  economy  in,  2r»4 

pumps,  208 
Valve,  ('orliss,  drop  or  detachable,  356 
\alve-(liaf:ranis.  9:i.  \)\,  100 

geonielrical  relations,  07 
Vjilve  ellipse,  114 

lap  or  travel,  8S,  SI) 

seats,  area  thn>ugh,  110 

slide,  SS 
Va|H)rizing  water,  1(>3 
Vai^irs,  definition  of,  127,  Table  VI 
Velocitv  and  acceleration   of    pistons, 

Velocity  of  steam  in  nozzles,  210 

in  passages  and  iK>rtrt,  107 
Volume,  teni|)ernture  and  pressure,  re- 
lations of.  in  perfect  jrases,  147 

one  jKJUnd  of  steam,  57t»,  5X2 

Water,   boiling-] H>int  of,   equatirm  of, 
161 
boiling-i)oint  of.  Table  VIII 
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Wiitpr,  (ftf^uivalent  of  a  cnbrifiii?li?r,  175 

fric^tbn  brwke^  34 

gna,  488 

liiif,  210 

mot*5rs,  aw?  CaUbmtbiit  429 

per  bot«e~jK)Wep-bouf,  definition  of^ 
35 

pimipinK  engines,  tests,  542 

M|.ifi'»tic  W4it'of^  Table  VII 
Wc^ifrht  of  eng^ine*  5^^*,  567 
Wfpiizbt  of  fEO^ae^r  Table  I 

af  Uquide^,  Table  I 

of  one  potind  of  BUjam>  676,  582 

of  soliok,  Table  1 

of  gteurn  aeeciurited  for  liy  the  indl- 
c&tor,  191 

of  0t««im  dim-'hurgfzd  from  a  no»i$b, 
I         447 


Wptghtfl  of  jtir,  vw  jK.tr  of   wato",  atid 

aaiar.tled    uiixiuree    of    air   i^d 

vapor    at     vi&noud    temp<tr»luii» 

and  constant  pf>e^iirc«(,  o74 

Wet  steam,  169 

(jiatiiniteti  atejim,  167 
Woo  If  type  of  compound  engine.  3'iZ 
Work,  aetinitbij  of,  2 
of  acceleration.  44K 
done  in  aee^lemiinj^  a  Bteani-j<*l,  476 
dUTtng  expandoOf  i42«  215 
Working  ftteam  and  cleiininee  ete^tn^ 
82,  227 


Zero,  abeolutc,  7 

Zeuner  valve-din  gram,  94,  100 
Zeuner's  fonnula  for  the  flow  of  pa* 

feet  gases  tnnn  a  nozjcle.  44 tl 
Zinc  m  condenser  tubes,  241 
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